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Abstract
The structure of several materials important in the development of sustainable energy
have been determined using multiple neutron scattering methods. Elucidating the
structure-property relationships of these conductive polymer blends, microemulsions, and
deep eutectic solvents (DES) provides correlation of material assembly to electro-chemical
performance.
Conductive films of poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate)
(PEDOT:PSS) are found to organize into smaller domains with the addition of dimethyl
sulfoxide(DMSO) to a pre-deposition solution. Addition of DMSO disrupts the aggregates
and large domains within PEDOT:PSS, enabling alignment of the PEDOT fibrils within the
PSS domains, and occurs in both spin-coated and spray-coated depositions. The spincoated films have consistently smaller domain sizes, indicating the disruption of aggregates
occurs when DMSO is added and the smaller domains in spin-coated films are due to faster
evaporation rates of the deposited solution.
Microemulsions formed by mixing water, toluene, and an emulsifier of Tween-20® and
1-butonal create lamellar-like layers at surfaces potentially impacting charge transfer to
electrodes. Layered structures are monitored for increased surface amphiphilicity and
decreased water content in the emulsion. Decreased water in the emulsion results in
decreased layer thickness, while increased amphiphilicity creates lamellae-like layers of
nearly pure water and oil/emulsifier. The formation of these lamellae increase the surface
area of the boundary between the water and the oil, creating a potential to increase charge
transfer pathways.
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Addition of a hydrogen bond acceptor, choline chloride(ChCl), to a hydrogen bond
donor, glycerol, develops interactions between the molecules, forming a DES at 33%
ChCl. With increased ChCl to the mixture, the glycerol interacts primarily with the
chloride anion while the choline primarily interacts with other choline molecules. This
assembly of potential hydrogen bond networks is crucial to the formation of the DES
glyceline, where the dominant choline-choline interactions free the chloride ion to
interact with the glycerol molecules.
Additionally, monitoring and controlling atomic vibrations in crystals integral to the
execution of ultra-small-angle neutron scattering experiments offers insight to increase
the signal-to-noise in USANS instruments. The combination of these investigations
demonstrate the utility and promise of multiple neutron scattering techniques to
advance several important classes of materials in soft matter energy research.
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Chapter I Introduction
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Research to advance the performance of energy related materials for improved
sustainability is constantly evolving, including interest in materials for a hydrogen
economy, improved efficiency of energy transfer processes and improved methods of
analysis.1-3 Recently, energy related materials research has focused on sustaining
energy supply from both large networks such as a national grid and more local efforts
such as household and personal electronics.4,5 Organic materials play a significant role
in the sustainability of future energy technologies through power generation and
storage.6 Research on soft matter as energy materials has increased significantly over
the past decades with growing interest in their use in thermoelectrics, large scale
energy storage, and personal power supplies7-9. While some applications utilize
conjugated polymers in thin films, others use materials that form hydrogen bond
networks to transfer energy.5,6 The rational improvement of these materials is largely
dependent on the structures they form, which in turn center on the nature of hydrogen
within them.
Neutron Scattering as a tool to study energy related materials began in 1946, when
Wollan and Shull demonstrated neutron Bragg diffraction could be used to study the
atomic structure of crystalline materials, analogous to existing approaches based on Xray Bragg Scattering methods.10-14 Modern neutron scattering envelopes many
additional methods, most with X-ray scattering counterparts, including several (like
reflectometry and small angle scattering) that are used heavily for soft matter. Neutron
scattering as a tool to examine soft materials is largely based on controlling the contrast
between components where substituting the hydrogen (H) atoms with deuterium, 2H or
D, known as deuteration, increases this contrast between components.15 Contrast is
2

quantified by the difference in neutron scattering length density (SLD) of materials, a gauge
of the extent of scattering from neutrons interacting with materials and provides an
important tool in using neutron scattering to measure the structure and dynamics of
organic materials. Neutrons have been used to monitor the structure of a variety of
materials, especially in energy related materials such as batteries, photovoltaics, biofuels,
and capacitors.2-4,8,16,17

Neutron Scattering
Neutron scattering includes a broad range of techniques measuring various
characteristics of both inorganic materials and soft matter.18 The breadth of these
applications offers the ability to measure the structure and dynamics over several ranges of
length scales, from macroscopic (microns) to nanoscale (nm) to atomic structures (Å) as
shown in Figure I.1a, as well as providing techniques to characterize surface structures and
dynamics.19-24 Each of these measurements depends on using different techniques such as
small-angle neutron scattering (SANS) , Figure I.1c, including very- (VSANS), Figure I.1c,
and ultra- small-angle neutron scattering (USANS), Figure I.1b, and wide-angle neutron
scattering (WANS), Figure I.1d, commonly referred to as neutron diffraction, to access a
large range of length scales.19-24 Similarly, reflectometry probes depth dependent
structures and inelastic scattering provides techniques such as spectrometry and spin echo
to monitor material dynamics.25-30
Regardless of the technique, the scattering of a neutron by a material involves a similar
physical process to the scattering of X-rays by a material. In 1913, Bragg discovered that Xrays directed at a material are scattered from crystalline structures, where the angle of
3

Figure I.1– a) Plot of Q-range (bottom axis-solid lines) and length scales (top axisdotted lines) measured by various neutron scattering techniques represented on right
side of plot, b) USANS, c) SANS and VSANS, d) WANS.
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scattering, θ, depends on the wavelength, λ, the order of the scattering, n, and the
interplanar spacing , d, as defined in Bragg’s law, 𝑛𝜆 = 2𝑑𝑠𝑖𝑛(𝜃). 11,14 This relationship was
later generalized to correlate the characteristic distance, or distance (d) between scattering
objects, of a material to the shift in momentum of the scattered particle, Q, by the relation
of 𝑑 =

2𝜋
𝑄

, where 𝑄 =

4𝜋 sin(𝜃)
𝑛𝜆

. This theory was adapted for neutrons by Wollan and Shull

to also determine Bragg scattering of crystalline structures.10-13 An important effect of Xray scattering is that the X-rays interact with the electron cloud of the atoms, where the
strength of X-ray scattering for a specific atom depends on the number of electrons;
therefore the scattering of X-rays from an atom increases with its atomic weight (Z
number).14 A distinction of the scattering of neutrons from that of X-rays is that neutrons
interact with the nuclei of an atom, where the strength of scattering depends on an atom’s
neutron scattering length, which does not vary with Z number.11 Both techniques allow
measurements on a variety of structures, but each can be used to study different materials,
such as X-ray scattering for materials with heavier elements and neutron scattering for
materials that include hydrogen.11,14,15
The neutron diffraction technique developed by Wollan and Shull increased interest in
this field of neutron scattering, which led to the development of research reactors for
neutron scattering experiments.11,31 This allows for the delivery of constant wavelength
neutron beams to a sample.31 This was followed many decades later by accelerator-based
pulsed sources that use time-of-flight to keep track of the wavelengths of neutrons that are
scattered.32-34 The wavelength in Bragg’s Law is replaced by the time it takes a neutron to
travel to a detector from the point of its generation, with corrections for the neutron mass
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and Planck’s constant, enabling the simultaneous measurement of the scattering of
neutrons with multiple wavelengths.34 Diffraction measurements performed with single
wavelength neutrons measure scattered neutrons over a range of scattering angles to
vary Q.10,24 The development of time-of-flight neutron instruments allows the
measurement of the scattering of more neutrons with a breadth of wavelengths,
increasing the signal-to-noise of the scattering experiment.32,34 This also increases the
Q-range, allowing total scattering angle coverage and wide-angle neutron scattering in a
Q-range of 0.5 Å-1 up to 32 Å-1.24
Furthermore, specific scattering geometries were readily designed to measure the
scattering at lower Q-ranges, opening up techniques to monitor structure on larger
length scales.33 These small-angle scattering geometries create a long focal distance of
the scattering particles, so the resolution of length scales studied increases. This
increase in resolution allowed the measurement of a signal from a material in Q-ranges
of 10-3Å-1 up to 1 Å-1.33 This Q-range overlaps that of wide-angle neutron scattering, but
extends it to orders of magnitude lower Q, which correlates to larger molecular sizes, 6
Å - 6280 Å. More recently SANS has been extended to capture scattering at even lower
Q through the use of focusing optics, longer distances between the sample and the
detectors as well as additional detector arrangements that allow extension of the
measured Q-range to 10-4 Å-1.21,22,35
However, in order to monitor the structure of a material at even larger scales and
correlate to complementary techniques such as electron microscopy and light
scattering, further instrumentation development was required.19,23 To measure the
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structure of a material with neutron scattering at even lower Q, new ultra-small-angle
neutron scattering (USANS) instruments based on interferometry were developed
based on a double crystal design.19,23,35 In this instrument, a set of matching large singlecrystals scan a reflected beam across a sample and measure the shift in the intensity of the
scattered neutrons, extending the measured Q below 10-5 Å-1, correlating to 10’s of microns
in length.23,33,36
Additional neutron techniques have also been developed and applied to determine the
structure and dynamics of soft matter.25-30,37 Neutron reflectometry, Figure I.2, is a
technique similar to USANS in that a reflection of incident neutrons from the sample is
monitored as it is then detected at a given scattered angle, 2θ.37 However, in neutron
reflectometry the incoming neutron, at an angle of θin, is reflected off an interface at an
angle of θout, that neighbors the material of interest or exists in the material itself. Due to
the low incident angle, neutron reflectometry monitors the structure of a material
perpendicular to a surface, which is critical to understanding how materials interact with
their surrounding environment.25,37
While this discussion has been on elastic scattering techniques where the energy of the
scattered neutron is the same as the energy of the incident neutron, there is an additional
field of techniques using inelastic scattering.26-30 In these techniques, the change in energy
of the scattered neutron is related to the dynamics of the material studied.26,27 Overall,
neutron scattering is a robust technique to measure the structure and dynamics of a range
of materials that are of interest for the development of energy related technologies, where

7

Figure I.2 – Sketch of neutron reflectivity through a bicontinuous microemulsion.
Neutrons enter the emulsion at a defined angle, θin, and reflect off the substrate and
surface structures at a detected angle, θout.
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often the use of multiple scattering techniques offer a more thorough understanding of the
material under different conditions, including those that are relevant to their operation.

Macromolecular and Nanoscale Structures
Small-angle Neutron Scattering ( ̴1Å-200nm)
Small-angle neutron scattering (SANS) is utilized to measure structural changes of a
range of macromolecular materials including polymers, proteins, micelles, and
emulsions.3,16,35,38-42 This technique focuses on scattering in low-Q by measuring the
intensity of scattered neutrons at the smallest angles from a material, which relates to
structures at relatively large length scales (compared to the size of the neutron) in real
space.20,43 In this discussion, Q is a measure of the momentum change of a scattered
neutron, measured in inverse angstroms, Å-1, and θ is the angle of the scattered neutron
measured. The scattering angle is measured relative to the center of the transmitted beam
(beam that travels directly through a sample material), and is normally detected
isotropically in a 2π radius, which when summed gives a 1-dimensional (point-space) plot
of intensity vs Q. Measurements of low-Q allow the determination of changes in relatively
large structures, such as conjugated polymer chains or protein networks. In studying the
structure of soft materials with SANS, deuteration of specific polymers or molecules
enables control of the contrast between components of a multi-component system.15,16,38-42
This allows the determination of the structure and assembly of the individual components
in the whole structure, including the formation of aggregates, where several molecules may
combine to form a larger structure. Interest in SANS continues to grow as research on the

9

structure of a broad range of materials has driven this technique to be an indispensable
tool for measuring organic material structures. 18,34
In particular, SANS have been used to determine the structure and assembly of
organic electronic materials such as ionic liquids, thermoelectrics, and
microemulsions.16,38,40,41 Some organic electric materials have exhibited high Seebeck
coefficients, a measure of the ability of a thermoelectric material to convert a change in
temperature into a voltage, with high electrical conductivity and low thermal
conductivity.44,45 These organic electronics often consist of polymeric mixtures in the
form of conjugated polymers, polymer blends or even polymer nanocomposites, but
may also include salts and conductive organic solids.3,41,44,45 These materials are also
used in light-emitting diodes, photovoltaics, and even transistors.
Very Small-angle Neutron Scattering( ̴1nm-500nm)
Additionally, SANS techniques have been expanded to measure the scattering at
smaller Q-regions where the characteristics of even larger structures can be
monitored.22 Modifications to instrumentation can extend the Q-range available for the
scattering experiments, where adding detectors or extending the distance between
sample and detector offers access to these lower Q-ranges and improves data collection.
This extension is often termed “very-small-angle neutron scattering” (VSANS)
experiments and instruments.22 The addition of these equipment modifications
primarily allow access to lower-Q-range, but also minimizes the measuring time for a
scattering curve over multiple orders of magnitude in Q which relates to the structure
of the material of interest over a broad range of length scales.22
10

Ultra-small-angle Neutron Scattering ( ̴100nm-50μm)
Access to the structure of a material of interested at even larger length scales is
available due to the development of ultra-small-angle neutron scattering (USANS).35 Ultrasmall-angle scattering (USAS) has been utilized to determine structures of micron sized
constructs for many years. Analogous to early interferometer instruments, and further
developed by Bonse and Hart, USAS has provided structural information of materials over a
unique size range that many other methods cannot access.36
Bonse and Hart developed USAS to examine the structure of large macromolecules in
1965.36 This theory was applied to neutron instrumentation, USANS, over 20 years later
and continues to be developed and refined.19, 23,46-50 This technique is slightly different
from SANS and VSANS, in that rather than measuring the scattered neutron in the direct
geometry of the scattering event, USANS relies on a shift in the wavelength of the scattered
neutrons from a scattering event.22,36,46,48 In the Bonse-Hart arrangement a channel cut
monochromator crystal controls the input of the neutron incident beam to the scattering
sample, then a matching analyzer crystal is utilized to detect the wavelength shift of the
scattered neutrons.36 By rotating the analyzer through a 2θ scattering angle, the
wavelength shift is measured, and the total intensity of the scattered neutrons are
measured over a Q-range that is defined by the angle of the analyzer crystal.19,47 This shift
is determined by monitoring the difference of rocking curves of the crystals with and
without a sample between them. The intensity of this shift is then used to build a scattering
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curve in 2-dimensional (slit) space which can be converted to point space to align with
a traditional 1-dimensional scattering plot.46,48
The channel cuts in the crystals that were developed by Bonse and Hart create a
reflective pathway for X-rays (and neutrons) to “bounce” back and forth in both the
monochromator and analyzer crystals.36 This repeated reflection allowed loss of tailing
neutrons that would create wings in the rocking curves. Removing the wings was a
critical step in reducing the noise in the scattering data and extending these
measurements to higher Q, so that the USANS data can be correlated to SANS data.46,48
Additionally, in USANS, Agamalian determined that cutting the monochromator and
analyzer crystals so that the incident reflection is separated from the final reflection
further reduced these tails and parasitic reflections from the back face of the
monochromator crystal.48 Adding neutron shielding cadmium between these
reflections additionally reduced the parasitic scatter and improved the signal-to-noise
ratio of the scattered data, a measurement of quality of the data.19, 48 Application of this
technique at a time-resolved source allows specific neutron wavelengths to be
analyzed.19,47 By focusing on a single wavelength, the signal-to-noise ratio is further
improved and allows the natural vibrations of the monochromator and analyzer
crystals to be observed. The match between these crystals, which is measured by
aligning the monochromator and analyzer at a series of wavelengths, establishes the
resolution of the USANS instrument. The deviations in this measurement are then
associated with the atomic vibrations within the crystals.48,49,50 Decreased atomic
vibrations allow improvements to the USANS technique, such as increased resolution
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and improved signal-to-noise and will increase the success of experiments in this field by
improving the ability to measure small variations in the structure of soft matter.
With the development and refinement of neutron scattering techniques, research, and
development of new materials for energy related applications will improve. USANS offers
the opportunity to monitor the structure of soft matter at larger length scales, which can be
highlighted by replacing hydrogen with deuterium.39,51,52 This opens the possibility of
measuring the structure of organic materials on length scales that range from 100nm up to
50 μm. USANS is often used to expand on measurements that use SANS and light scattering
by connecting and overlapping the measured structure from these other techniques; SANS
( ̴1Å-200nm), VSANS ( 1
̴ nm-500nm), and light scattering ( ̴800nm-100μm).22,35,53

Molecular and Atomic Scale Structures
Wide angle neutron scattering, commonly referred to as neutron diffraction (ND)
measures the intensity of the scattered neutrons at wider angles, monitors structure on a
much more local length scale, and has been used since Wollan and Shull first observed
neutron scattering.11,13,14 This method measures the total scattering of a system, where
changes in the structure of a material will result in shifts in the intensity and position
(scattering angle) of Bragg peaks based on the lattice parameters or other features of
ordered structures in the material.11 ND monitors the scattering of neutrons over a large
range of Q, quantifying interactions over small length scales (a few Å) such as atomic
structures, crystalline networks, and solvation groups.24 , ND has been used to measure the
structure of ordered liquids and solutions.54,55,56 These materials form structures that may
create networks based on non-covalent interactions such as hydrogen bonds and van der
13

Waal interactions in a system.4,6, 54,55 ND determines the structure of these systems and
(when coupled with sample environments) how changes in temperature, pressure, and
composition may alter their interactions and assembly. 54,55 As discussed with the
other neutron scattering methods, replacing hydrogen with deuterium (isotopic
substitution) increases the specificity of the measured structural changes.15 Similarly,
deuteration of the solvent, crystalline material or both will help determine the
morphology of conductive networks formed. 54,55

Monitoring Material Dynamics
While elastic scattering methods (diffraction and SANS) are utilized to determine
the structure of materials, inelastic scattering methods measure the dynamics of a
system by monitoring the change in the energy of a scattered neutron.26-30 Research on
energy-related materials such as ionic liquids and deep eutectic solvents, DES, using
techniques including back scattering spectroscopy, BSS, and neutron spin echo, NSE,
have proven beneficial in the development of these materials.57,58 Neutron BSS
quantifies the length scale dependent changes in system dynamics by measuring the
transfer of the energy of the scattered neutrons from the sample that are reflected from
an analyzer crystal and then detected.26-28 This reflection of the neutron back towards
the sample material allows the transfer of energy in the sample to be resolved. Neutron
spin echo experiments monitor how the spin of a neutron changes its trajectory and
energy after being scattered from a material.29,30 These measurements therefore
quantify the dynamics of the sample on longer time scales. Inelastic scattering has
provided insight into the dynamics in deep eutectic solvents, including work by Wagle,
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et al., who measured the dynamics of a glycerol-choline chloride mixture using BSS and
NSE.57,58 These inelastic studies give insight to how the molecules in the mixture,
specifically the DES, are interacting within the network of hydrogen bonds.58

Structure near Surfaces and Interfaces
Often a material will assemble into a different structure near a hard surface or interface
than exists in the bulk. Reflectometry monitors the structure of soft matter at a surface or
interface and elucidates how that assembly may differ from that in the bulk.25,37 Primarily
discussed here as neutron reflectometry, NR, involves the reflection of neutrons from an
interface or surface, where the structure of the material perpendicular to the interface is
then determined from the reflectivity curve.37
The intensity of the reflected neutrons is measured as a function of the scattering angle.
This technique penetrates surfaces that are 100’s and even 1000’s of angstroms thick and
monitors the structure of the material near the surface or interface. Variation in structure
near a surface are important in organic electronics as this may impact charge transport in
the sample near a surface or at an electrode.59-61 Examining materials using a combination
of these techniques creates a full picture of the structure and dynamics of materials for a
broad range of energy related applications.

Thermoelectrics
Thermoelectrics are materials that absorb thermal energy and use the deviations in
temperature to produce electron flow. These are often used industrially in photovoltaic
solar panels and sensors and have become essential to the development of a sustainable
energy supply.62,63 Historically, thermoelectrics have been produced using inorganic
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materials. While these currently demonstrate a higher efficiency of energy production,
they are also expensive to obtain and manufacture.2 Organic thermoelectrics pose an
alternative to their inorganic counterparts, where organics are often readily produced,
are flexible, durable, and renewable.62-64 Research in organic electronic materials has
recently focused on development of materials that are inexpensive to obtain and
manufacture as well as materials that are sustainable. These may be developed not only
for thermoelectric energy production, but to be environmentally and biologically
safe.44,45 This expands the possibility that these electronic devices are recyclable and
may interact with the human body through heat transmission for either warming or
cooling.44 Promising organic materials for thermoelectrics often include conjugated
polymers, polymer blends, and polymer nanoparticles, which are manufactured using
common industrial techniques and maintain promising electrical properties.38-45,63,64

Conjugated Polymer Blends
Conjugated polymers in conductive polymer blends have become a topic of research
for use in photovoltaics and thermoelectrics among other applications. These polymer
blends, cast as conductive films, have become popular as potential alternatives to
inorganic electronic materials.9,16,40,44,63,65 While many polymers have low electrical
conductivity, some such as Poly(3,4-ethylenedioxythiophene): poly(styrene sulfonate)
(PEDOT:PSS) blends demonstrate promising electrical properties, including promising
Seebeck values, S, a measure of the voltage produced from an induced thermal gradient
S

in the material related to the conductivity, σ, by σ= cm .41,42 The variation in the Seebeck
value of conjugated polymer blends is related to changes in their structure as a result of
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deviation in processing techniques or procedures. Determining the structures of the
polymer blend with these fabrication processes using several scattering techniques,
combined with thermoelectric measurements, offer pathways to correlate the structure at
both macro- and microscopic length scales to the electrical performance of the blend.16,40,65
Various techniques have been utilized to determine the structure of PEDOT:PSS,
including electron microscopy, atomic force microscopy, neutron scattering and UV-vis
spectroscopy.40,65-69 These often correlate the structure of the polymer blend to the
electrical performance of the material through thermoelectric analysis and have shown
that increased conductivity is associated with organization of the polymers in the blend.66769

Small-angle scattering, from SANS to USANS, can be performed on PEDOT:PSS films by

using deuterated PSS (dPSS) in this blend, which creates a contrast in the scattering length
density of the PEDOT and the PSS.16,40
Solvent treatments, such as adding dimethyl sulfoxide (DMSO) or ethylene glycol (EG)
to the pre-deposition solution of the polymer blend, have been used to increase the
electrical performance of the PEDOT:PSS films. Increases in conductivity by 100 times
have been reported for the addition of up to 7.5% DMSO and 5%EG to the pre-deposition
solvent.65-67 This increase in conductivity is measured with the addition of only 5% DMSO
to the PEDOT:PSS polymer blend, which allows the thickness of the film to be consistent
with a PEDOT:PSS film with no additive.65
Observation of the morphological changes in this system have shown that adding DMSO
to the pre-cast polymer blend increases the conductivity, and therefore the Seebeck
coefficient, of the film.16,65-69 Structure changes of the cast film with and without a DMSO
17

additive show how the polymer domains in the blend change in size.16 However, the
structure and behavior of these polymer blend films is not well understood. Therefore,
structure of PEDOT:PSS blend films that are formed from varying fabrication
procedures have been monitored to correlate blend morphology to performance. The
changes in fabrication procedure include varying the amount of DMSO in the
PEDOT:PSS pre-deposition solution and film casting methods. In terms of film casting
methods, film structure formed from spin-coating are compared to films formed from
other techniques that may be more industrially scalable, such as ultrasonic spray
coating. Elucidating the impact of these coating methods on the structure and
performance of the thermoelectric film provides insight that can drive improvement of
fabrication methods and performance.
A series of ultra-small and small-angle neutron scattering measurements have been
performed to monitor the changes in the size of the domains in films of the polymer
blend PEDOT:dPSS. The addition of DMSO to the pre-cast blend shows a breakup of
large polymer aggregates into smaller domains along with organization of fibrils within
the domains. Additionally, comparison of spin and spray coating deposition methods
shows that the disruption of these aggregates is independent of the film-casting
method. Increased uniformity of fibrils and formation of smaller domains in the
PEDOT:PSS polymer blend with the addition of DMSO and the spin-coated films can be
associated with increased conductivity observed in previous measurements.
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Microemulsions
One method to achieve improved and sustainable energy storage includes
incorporating conductive microemulsions (ME) in redox flow batteries.5,41
Microemulsions with a redox active component in an aqueous salt solution have
become a topic of research for energy technologies in addition to their applications in
health, medical and food industries.5,70,71 The microemulsions that form in a
water/surfactant/oil solution have been found to make charge transfer available both
within the solution and between the solution and an electrode.72,73 Past studies have
focused on the increased charge transfer in the bulk material of the ME system, but only
recently have studies been performed to determine how the structure of an emulsion with
a redox active agent near an electrode affects the flow of electrical current, Figure I.3. 61,72,74
With this in mind, the structural changes of the ME near a surface will be monitored by
neutron reflectometry as a function of ME composition and surface hydrophilicity.
Understanding the organization of these structures offers insight into their assembly near
similar electrodes that can provide opportunities to improve electrical performance.
Surface layers that form between a bulk solution and a hard interface may improve or
inhibit electron charge transfer from the solution to an active electrode and ion transfers
across the surfactant boundaries which balance the conductivity of the system.
The structure of a series of microemulsions of deuterated water (D2O), toluene,
polysorbate-20 (TWEEN-20®), and 1-butanol on hydrophilic and amphiphilic surfaces. In
these microemulsions, the TWEEN-20® and 1-butanol form a surfactant/co-
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Figure I.3 – A representation of charge transfer from a gold coated electrode
through a surfactant boundary in the presence of a redox active species,
ferrocene.72
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surfactant that forms a boundary between the oil (toluene) and water (D2O) phases of the
ME. When exposed to a hydrophilic or an amphiphilic surface these water/surfactant/oil
phases form layers based on the preference of water or oil at the surface. The formation of
these layers, which are measured using neutron reflectometry, creates a series of lamellae
between the surface and the bulk material. The purity and thickness of these lamellae
create pathways for charge transfer in the ME between the bulk solution and the electrode.
A reduction of both purity and thickness of these lamellae may increase the ion transfer
across the surfactant layer and electron transfer at the electrode surface. Therefore,
observation of the variation in assembly of these layers, and hence the changes in surface
structure, allow development of microemulsions with improved charge transfer.

Deep Eutectic Solvents
Expanding sustainable energy production also requires increased storage capabilities,
where additional efforts to industrialize sustainable energy storage include improvement
of flow battery materials and processes. These efforts require additional efforts to develop
new and improved electrolytes, where one focus area includes ionic liquids and similar
materials.6,73,74 These solutions involve the dissolution of a salt with a low melting
temperature liquid, which results a conductive fluid. The solvation of the salt often
involves the formation of non-covalent interactions between the two components, which
alters their assembly. While the solutions are well mixed at higher temperatures, the many
solutions become ionic solids at room temperature.73 Recent discoveries have shown that
there are a class of these solutions, called deep eutectic solvents (DES), that remain liquid
at relatively low temperatures.74
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DES are similar to ionic liquids that are moisture stable fluids. DES are formed when a
molecule that consists of an alcohol, amide, or carboxylic acid combined with large
nonsymmetric ions with a low lattice energy are used as a hydrogen bond donor to dissolve
a halide salt as a hydrogen bond acceptor.76,77 A small number of halide salt and hydrogen
bond donors that may be combined to create a DES were originally proposed by Abbott, et

al., Figure I.4.6 These mixtures are initially immiscible at room temp, but once heated form
a miscible solution, and then when cooled to room temperature form conductive liquids
that maintain fluidity at substantially lower temperatures than the melting point of either
of its components.76-79 The ability for the DES to form a hydrogen bond network and
maintain a liquid state increases the transport of ions and offers the opportunity for their
use in energy storage.54,78-81 However, it is not well understood how the hydrogen bond
network varies with the addition of a salt, or what composition of a DES develop the most
conductive system. For instance, Wagle, et al., determined, using neutron BSS, that in the
DES glyceline, a mixture of 33% choline chloride (ChCl) in glycerol, the dynamics of the
choline molecule encompass larger displacements relative to those of the hydrogen bond
donor, glycerol.57 This is counterintuitive to expected behavior of fast-moving hydrogen
bond donors on the macroscopic scale. Further understanding of the structure of the DES
hydrogen bond network encompassing the glycerol and ChCl assembly can provide insight
into the observed dynamic changes in this study.
Wide angle neutron diffraction is used to measure the structure factors of the
DES’s.54,55 Changes in this structure factor determine the change in assembly of the DES
as the composition varies. Previous studies suggest that the chloride anion of the ChCl
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Figure I.4 – A sampling of halide salt (hydrogen bond acceptors) and hydrogen
bond donors that are used in the formation of deep eutectic solvents.6
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salt breaks up the glycerol hydrogen bond network formed in the solvent, such as glycerol
or ethylene glycol.54,55,57,58 Additionally, Holbrey, et al., predict that the choline enters
interstitial voids of the glycerol network at higher concentrations of ChCl.55 However, the
structures and networks formed by adding ChCl to these solvents has yet to be fully
explored. Mixtures of the components of the DES with varying compositions from the pure
solvent to the eutectic solution develop new interactions between the hydrogen bond
donor, glycerol, and the hydrogen bond acceptor, ChCl. Changes in the Bragg scattering
help us identify changes in the networks formed in the solution. Using deuterated
components in these mixtures exemplifies the assembly of the particular molecules of
interest. Analysis of the structure factors show that in ChCl:glycerol mixtures, the addition
of ChCl causes intensity changes and shifts in Bragg peaks, which can be analyzed to
provide insight into how the structure and network of the system adapt as the composition
of the mixture approaches the reported eutectic point.54,55
The diffraction data is also analyzed in context of molecular dynamic simulations,
which can be tailored for both variations in composition and in neutron contrast.54
Matching the structure factors with molecular dynamic simulations enables precise
analysis of the hydrogen bond network that forms in a DES through radial and spatial
distribution functions. Combining neutron diffraction with molecular dynamics also
improves the characterization of the hydrogen bond networks and the correlation of
structural changes to the development of these networks.54 The spatial analysis of
these solutions shows how networks are formed, disrupted, and impeded within a DES.
Specifically, in a ChCl:glycerol mixture, interactions between glycerol and the chloride
anion form while simultaneously choline molecules primarily interact with other
24

choline molecules. These measured transformations show how structural changes form
exclusive interactions in a DES that may be predicted and can lead to improvements in
electrochemical behavior.
Summary
Determination of the structures of energy relevant materials is necessary to understand
and control their assembly and performance in targeted applications, as well as their
integration into commercial products. Neutron scattering is useful in elucidating the
structure of organic materials and advancing research and development of materials for
energy related applications, such as photovoltaics and redox flow batteries. By exchanging
hydrogen for deuterium (2H or D) in an organic material, the contrast between components
(whether atomic, nano or microscale) is increased in a system. This increased contrast
enables a variety of characterizations including determining structure size and shape using
ultra-, very-, and small-angle neutron scattering of materials such as polymer blends,
determining structures formed at a conductive surface using neutron reflectometry, and
determining formation and arrangement of hydrogen bonds using wide-angle neutron
scattering. While all these methods are performed differently, all benefit from the contrast
variation introduced through selectively deuterating the system. Neutron scattering
remains a useful tool in the development of materials for energy relevant applications,
especially soft matter (polymers, biological materials, liquid crystals) as used in energy
storage materials such as redox flow batteries, and energy transfer devices like
thermoelectrics and photovoltaics.
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Therefore, neutron scattering is utilized in a series of studies that focus on a variety
of energy materials, including controlling the structure and performance of PEDOT:PSS
polymer blends, understanding the assembly of microemulsions at hard surfaces, and the
development of structure in the mixtures that form deep eutectic solvents. Moreover,
continued development of instrumentation, specifically improving USANS Q-resolution
by reducing vibrations of monochromator and analyzer crystals, will improve the utility
of neutron-based techniques to monitor the structure and dynamics of soft matter.
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Solution Composition and Deposition Technique

39

Abstract
Understanding the relationships between morphology, fabrication processes, and
thermoelectric performance in conducting polymers is essential to the development of
high- efficiency organic thermoelectrics as an alternative to commonly used rare
metals. Altering the film fabrication process of Poly(3,4-ethylenedioxythiophene):
poly(styrene sulfonate) (PEDOT:PSS) with the addition of high boiling solvents to the
precast solution improves the electrical conductivity and significantly increases its
Seebeck value. Neutron scattering monitors the changes in the atomic, nanoscale and
mesoscale morphology of PEDOT:PSS thin films with the addition of dimethyl sulfoxide
(DMSO) to the aqueous solution prior to film formation and with varying fabrication
procedures. The neutron scattering results show a decrease in the deuterated PSS
(dPSS) domain size along with systematic variations in PEDOT fibril assemblies in the
final blend film with the addition of DMSO to the pre-deposition solution. These
structural modifications indicate that the increase in conductivity of PEDOT:PSS blends
with DMSO is a result of the DMSO disrupting the solvated PEDOT assemblies and
forming smaller PSS domains in the pre-deposition solution, allowing smoother film
formation. These improvements are seen significantly with the addition of just 1%
DMSO but continue to improve with the addition of up to 5% DMSO to the PEDOT:PSS
polymer blend. The fact that the variations in the measured morphology are
independent of whether the films were deposited by spin or ultra-sonic spray casting
methods emphasizes the crucial importance of the structure of the blend in the predeposition solution in determining the final thin film blend morphology.
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Introduction
Conducting polymers are an important class of materials, where their use in energy
harvesting applications aid in the development of technologies to improve sustainability.
Thermoelectric materials transform a temperature gradient to an electric current, or
inversely an electric potential to a change in temperature. Thermoelectrics have been
useful in commercially available energy technologies; for instance, they are commonly
found in photovoltaics for solar-energy generation and light-emitting diodes.1,2,31 The
efficiency of a material in converting a thermal gradient to an electric potential is given by
the dimensionless figure of merit ZT, which is calculated by 𝑍𝑇 =

𝑆 2 𝜎𝑇
𝜅

. In this equation, S is

the Seebeck coefficient of the material, σ its electric conductivity, T is the temperature, and
𝜅 is its thermal conductivity. Most common thermoelectrics with high ZT’s are inorganic
materials consisting of rare metals. However, these inorganic materials are brittle, and
expensive to obtain and fabricate thermoelectrics from. On the other hand, thermoelectric
polymers offer a flexible material that can conformally coat an object and offers ease of
processing that can be scaled for commercial manufacturing of high-quality films.4
Consequently, these organic thermoelectrics provide an inexpensive and viable alternative
to the brittle rare metals that are currently more common in thermoelectric applications.
However, the performance of organic thermoelectrics lags that of inorganic
thermoelectrics, and a more thorough understanding of how the thermoelectric
performance of these promising materials can be tuned is needed. For instance, previous
studies have shown that alteration of the film formation conditions can result in a dramatic
improvement in thermoelectric performance. Thus, understanding the relationships
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between fabrication processes, morphology development during fabrication, and
thermoelectric performance in conducting polymer constructs is needed to move this field
towards the rational development of organic thermoelectrics with optimal
performance.
Poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT: PSS) is a
promising and commonly studied conjugated polymer blend that currently has the
highest reported figure of merit ZT of any organic material at room temperature.5
Moreover, previous studies have shown that altering the film fabrication process such
as including the addition of high boiling solvents to its precast solution or immersion of
the cast film in ethylene glycol dramatically impacts its electrical conductivity and
Seebeck value.5-1319 More precisely, the addition of dimethyl sulfoxide (DMSO) to the
pre-deposition PSS:PEDOT solution has been shown to increase the electrical
conductivity and lower the Seebeck coefficient of a film that is formed from that
solution.6 Some of these studies have shown an increase in electrical conductivity by as
much as a factor of 1000.76,7 For instance, Dimitriev , et al, reported that the
conductivity increased by a factor of 4 with the addition of just 1% DMSO and an order
of magnitude increase with the addition of 5% DMSO to the pre-deposition solution.6
Further studies using small and ultra-small-angle neutron scattering showed that
adding DMSO to the pre-deposition solution altered the morphology of spray-coated
films.7,8 In these studies, it was observed that the local fibril-like PEDOT domains
decrease in size and become more uniformly shaped with addition of DMSO. This
improved uniformity of PEDOT fibrils in the larger PSS domain resulted in enhanced
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conductivity due to better mesoscale ordering, with increases in conductivity by a factor of
800.7
Additional studies, using techniques such as atomic force microscopy (AFM), scanning
electron microscopy (SEM), and Raman Spectroscopy have provided insight into how
altering the film fabrication technique improves the conductivity of the thermoelectric film.
Varying the film coating technique alters the smoothness and wetting, which are monitored
by imaging the film surface.4,8,9 Particularly, the thickness, wetting, and roughness of the
deposited films varied with the surface tension, contact angle, viscosity, and deposited drop
sizes in spray-coated films, which varied with pre-deposition concentrations of DMSO.4,8,11
Zabihi, et al., observed that the spin coating created a stratified structure with an upper
PSS-rich layer on a PEDOT-rich lower layer. The structure and surface roughness of the
upper PSS-rich layer varies with substrate temperature and annealing temperature, which
impacts film conductivity.9 Smoother surfaces, especially surfaces which displayed fewer
large domains as observed in AFM and SEM, were the most conductive. 9 These studies also
verify that the PEDOT: PSS films are smoother at the meso-scale length scale and exhibit
higher conductivity when spin-coated than when spray-coated. These reports also showed
that spin cast surfaces tend to be smoother with the addition of DMSO to the pre-deposition
solution than without, leading to further increases in conductivity.9 Additionally, Ouyang et

al, observed that the increase in conductivity occurs only when additives are included in
the liquid pre-deposition solution and are then annealed.4,11
To date, few studies have been performed to clearly identify the morphology of
PEDOT:PSS blend films and correlate its structure to its performance as an organic
thermoelectric. The studies that have been published use various compositions of
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PEDOT:PSS solutions and additives with different treatments and coating methods.5-9
The existing knowledge of morphological changes is often limited to the length scale of
the techniques used, including AFM, Raman Spectroscopy or neutron scattering.6,8,9,11 Of
these investigations, only a couple have addressed the changes in morphology over a
broad range of length scales.6,8 Additional studies suggest that the morphology of the
PEDOT:PSS system undergoes observable changes across a broad range of length scales,
from atomic- to nano- to micron length scales, with incremental variation in predeposition solution composition.9-11 Therefore, analysis of the structure over the
various length scales can offer crucial insight into how the morphology of the blend and
ordering of its components varies with film formation conditions. In this study, we
focus on the variation of the blend film structure with deposition technique (spin
coating to spray coating) as well as the loading of DMSO in the pre-deposition solvent.
Using small-angle and ultra-small-angle neutron scattering provides insight into the
morphological changes in PEDOT:dPSS films on length scales that range from 10’s of
angstroms up to 100’s of microns.14
Specifically, we have explored how the morphology of the Poly(3,4ethylenedioxythiophene): deuterated poly(styrene sulfonate) (PEDOT:dPSS) polymer
blend varies when cast by spin coating or spray coating, coupled to the impact of the
presence of DMSO in the pre-deposition solution on the structure of the deposited film.
We monitored the change in PEDOT:dPSS structure when 1% wt., 3% wt. and 5% wt.
DMSO was added to the pre-deposition solution and compared the structure of these
as-cast films using small-angle neutron scattering. These results provide insight into the
relative importance of deposition technique and predeposition solution structure on
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final film morphology and provide insight that can be used to optimize the performance of
PEDOT:PSS blend films in functional applications.
Experimental Methods

Synthesis
PEDOT:dPSS in aqueous solutions were created by the polymerization of 3,4ethylenedioxythiophene (EDOT) in a deuterated poly(styrene sulfonate) (dPSS) aqueous
solution following the BAYTRON P synthesis as described in the literature.16-19 In this
polymerization, EDOT monomers from TCI America were oxidatively polymerized in an
aqueous dPSS (Mw 429 kDa, PDI 1.15, Polymer Source Inc. Canada) solution using charge
balancing counter ions Na2S2O8 (Sigma-Aldrich, USA) and Fe2(SO4)3.5H2O (Acros-Organics,
USA). This bulk solution was separated into smaller volumes to create a series of solutions
with a range of DMSO loadings. To remove large aggregates that may have formed, the
blend solutions were then filtered 3 times through 5 μm syringe filters.

Film Formation
The solutions were deposited to form films by spin coating and spray coating onto
Silicon crystal wafer substrates that have been etched with piranha (3:1 sulfuric acid and
hydrogen peroxide) and oxidized under ultra-violet light. All cast films were annealed at
413K for 20 minutes to remove any excess water and dopant. Films were roughly
measured to be 20 nm – 40 nm thick using a micrometer.
Spin-coated films were fabricated using 1ml of solution spun at 1000 rpm for 90
seconds as illustrated in Figure II.1. Speed and duration of deposition were chosen based
on common parameters used in other studies as well as to optimize consistency of the
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Figure II.1 – Illustration of deposition processes that occur during the formation of
PEDOT:dPSS films on Si Substrates. Spray coating with use of custom built ultrasonic nozzle (a) and spin coating (b).
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coating and maintain a conductive surface. The conductivity in all films was confirmed
using an ohmmeter.
Spray-coated films were deposited using a custom-built jet-nozzle sprayer that
transitions across the substrate as illustrated in Figure II.1. Nozzle speed was adjusted to a
minimum spray speed of around 0.05 ml/sec to achieve a smooth consistent coating that
was also conductive. 30 spray passes were made to achieve well distributed visually
consistent films.

Neutron Scattering
Substrates with deposited films were physically divided into smaller pieces of 1.2cm
squares post-deposition to fit into sample containers on all neutron scattering
instruments.13 Si wafers with polymer film were stacked to increase scattering statistics,
giving a calculated total film thickness in the neutron beam of 650 μm. All neutron
measurements were taken at room temperature (~298K) and were normalized to
transmission as well as for thickness of samples.20 Sample container and Si wafer
background scattering were subtracted from sample scattering to obtain the scattering of
the PEDOT:dPSS films.
To monitor the structure of the PEDOT:dPSS blend films over a broad range of length
scales, four neutron scattering instruments were used. At Oak Ridge National Laboratory
(ORNL), these were the General Purpose Small-angle Neutron Scattering (GP-SANS)
instrument at the High Flux Isotope Reactor with a neutron wavelength (λ) range of λ =
4.75Å, 6 Å, and 18Å; and the Ultra-Small-angle Neutron Scattering (USANS) instrument at
the Spallation Neutron Source with distinct wavelengths of λ/n, where λ=3.6Å, and the
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harmonic peak n=1-5.14,21 At the National Institute of Standards and Technology (NIST)
Center for Neutron Research, the instruments used were the Very Small-Angle Neutron
Scattering (VSANS) instrument, measured using two wavelengths of λ=5Å and λ=17Å;
and the USANS instrument, measured using λ=5Å.22 The combinations of these
experiments provide data over a merged Q-range, from 1 x 10-6 A-1 up to 5 x 10-1 A-1,
which covers real space length scales that span microns to nanometers using USANS
and nanometers to angstroms using the SANS/VSANS instruments and is defined by the
scattering vector, Q, in reciprocal space according to Bragg’s Law, 𝑄 =

4𝜋 sin(𝜃)
𝜆

, where λ

is the wavelength of the neutrons, and θ is the scattering angle.
Reduction of the raw data from ORNL was performed using Mantid, while reduction
of the raw data from NIST was performed using IGOR pro 8.23,24 All data were combined
and USANS point-space data was scaled to the normalized SANS data.25 The VSANS data
overlays the GP-SANS data and was therefore omitted from the final fits but was used to
properly scale USANS data. Fitting and analysis were performed using SasView.26 The
data were fit to models that included a combination of the Debye-AndersonBrumberger (DAB) model and the elliptical cylinder form factor.27-30 The DAB model is
captured in the first term of Equation 2.1 below, which was developed to model, and
often used to characterize, the structure of two-phase systems.7,27,28 The elliptical
cylinder form factor is described as the second term in Equation 2.1 and has been
applied to model and characterize the parallelepiped and cylindrical shaped structures
in crystalline assemblies.7,31,32 The DAB equation models the phase separated structure
of the polymer blend, describing the morphology and size of the two polymer domains,
parameterized as the correlation length, L, which is a measure of the average distance
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between dPSS domains. This structural feature dominates the scattering in the lowest Q
region and is primarily measured using USANS. The elliptical cylinder models the
average cross-sectional size and shape of the PEDOT fibrillar crystals that form in the phase
separated polymer blend. The elliptical cylinder model quantifies the size of the cross
section of the PEDOT crystals by providing the minor radius, rmin, and ratio of minor and
major radii, ν, which is then used to calculate the major radius, 𝑟𝑚𝑎𝑗 = ν⁄𝑟𝑚𝑖𝑛 , as well as the
length of the cylinder, H. These length scales are primarily measured in the mid to high Q
regions using SANS.
𝐿3

𝐼(𝑞) = 𝐴1 (1+(𝑞×𝐿)2)2 + 𝐴2 𝑉

1

𝑐𝑦𝑙

(

𝐽(𝑎)𝑠𝑖𝑛(𝑏)
𝑎𝑏

)2 + 𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑

Equation 2.1

In Equation 2.1, L is the correlation length of the PSS:PEDOT film and the normalization
factor, 𝐴1 = 8𝜋𝛷(1 − 𝛷)𝛥𝜌2 . Here Δρ2 is the neutron scattering length density contrast of
the two phases , and 𝛷 represents the volume fraction of one phase. In the second term, A2
is a pre-factor, Vcyl is the volume of the cylinder, and J(a) is the Bessel function, where a and

b are the radii defined as, a=Qr′, and 𝑏 = 𝑄𝐻, where H is the cylinder length and r ′ =
rmin √2(1 + ν2 ).
Results
The neutron scattering curves of PEDOT:dPSS films that were formed from aqueous
solutions containing varying amounts (0% wt., 1% wt., 3% wt., and 5% wt.) of DMSO were
measured. The impact of deposition technique was also studied, where both spin-coated
and spray-coated films were examined. These scattering curves are analyzed to determine
the impact of these fabrication parameters on the nanoscale and mesoscale structure of the
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formed polymer blend thin films. These scattering curves and their fits to the DAB-elliptical
cylinder model as described in Equation 2.1 are shown in Figures II.2 and II.3.
The correlation length (L) of the phase separated domains, as well as the minor
(rmin), and major radius (rmaj) of the PEDOT fibrils are also presented in Table II.1 for
the samples studied. The fitting of the data to the model was insensitive to the
cylindrical length, H, which consistently attained large values (> 31000 Å).

Impact of addition of DMSO to pre-deposition solution on blend morphology
Inspection of these results shows that as DMSO is added to the solution, the sizes of
the dPSS domains in the film dramatically decrease, as quantified by the change in the
correlation length. The correlation length in the spin-coated films decreases from 5.2
μm to about 1.5 μm with the addition of 1% DMSO, a 70% decrease in size. Addition of
more DMSO to the pre-deposition solution, 3% and 5% DMSO, further decreases the
correlation length to 1.2 μm and 0.75 μm, respectively. These values correspond to a
78% and 85% decrease, respectively, in domain size when compared to the domains
formed from pure aqueous solution. This decrease in correlation length establishes the
formation of smaller dPSS domains in the spin-cast films with the addition of DMSO to
the pre-deposition solution. This is consistent with the formation of smaller dPSS
domains in solution with addition of DMSO to the pre-deposition solution, as illustrated
in Figure II.4a. These results are also consistent with studies that showed smoother
surfaces and increases in conductivity in PEDOT:PSS films with addition of DMSO to
pre-deposition solutions.5-7,9 While analysis of the lowest Q region provides information
on the micron-scale domain structure (L), analysis of the higher Q regions (smaller
length scales) provides
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Figure II.2 – Plot of neutron scattering intensity (I(Q)) as a function of Q (Å-1) for
spin-coated films. SANS data for Pristine (black), 1%wt DMSO (blue), 3%wt DMSO
(red), and 5%wt DMSO (green) solutions are dots and corresponding fits to
Equation 1 are lines.
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Figure II.3 – Plot of neutron scattering intensity (I(Q)) as a function of Q (Å-1) for
spray-coated films. SANS data for Pristine (black), 1%wt DMSO (blue), 3%wt DMSO
(red), and 5%wt DMSO (green) solutions are dots and corresponding fits to
Equation 1 are lines.
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Table II.1- Correlation length (L), minor (rmin) and major (rmaj) radii in both spin
and spray deposited films.
Film

Cor length, L
(Å)

Minor Radius , rmin
(Å)

Major Radius, rmaj
(Å)

Spin Pristine
Spin 1% DMSO
Spin 3% DMSO
Spin 5% DMSO
Spray Pristine
Spray 1% DMSO
Spray 3% DMSO
Spray 5% DMSO

52776
15000
11700
7500
100000
29000
22788
15000

90.00
0.04
200.00
12.00
9.00
4.46
82.00
50.00

540
12
10000
12
810
3416
9102
750
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Figure II.4 – Sketch to illustrate change in domain (a) and fibril structure (b) with
the addition of DMSO to the pre-deposition aqueous solution of PEDOT:dPSS. Large
dPSS domains with randomly oriented fibrils break-up and shrink when DMSO is
added and PEDOT fibrils become well-aligned.
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information on the smaller PEDOT crystalline fibril structure (rmin & rmaj). This analysis
shows that the PEDOT crystalline fibrils form domains with rectangular or elliptical crosssections and the size of these fibrils in the film changes with the addition of DMSO to the
pre-deposition solution and with the deposition technique. First, the addition of 1% DMSO
to the pre-deposition solution decreases both the minor radius and the major radius of the
fibril in the film, starting a fluctuation of size that is consistent with the disruption of the
dPSS domains and a reorganization of the PEDOT crystals with the addition of DMSO, as
illustrated in Figure II.4b. This trend reverses with the addition of more DMSO (3%).
However, the major radius remains significantly greater than the minor radius, indicating
that eccentric crystal domains are formed. The further addition of DMSO (5%) again
reverses the size trends, where the elliptical cross section of the fibrils becomes more
symmetric, shown by the decrease in rmaj and rmin. This variation indicates that the increase
in DMSO to 5% drives the domains and PEDOT fibrils to eventually form a uniform
elliptical shape.
This analysis indicates that the addition of DMSO initiates a reorganization of the fibrils
that increases their packing and concurrently decreases the domain size. When
PEDOT:dPSS is added to water, the hydrophilic dPSS domains encapsulate the hydrophobic
PEDOT fibrils. Furthermore, when the water evaporates during film formation, the dPSS
domains trap the PEDOT fibrils in place.11 The observed changes in PEDOT radius and
uniformity, combined with the decrease in correlation length, show a decrease in all
structure sizes from the micron to the nanoscale by nearly an order of magnitude with the
addition of DMSO. Structural changes of this magnitude are consistent with the size and
smoothness changes as well as conductivity increases reported by other groups.6,7,9
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Impact of Deposition Technique on Blend Structure
To monitor the impact of deposition procedure on the morphology and structure of
the phase separated blend film, the neutron scattering curves of PEDOT:dPSS films
formed by spray coating were also measured and analyzed as shown in Figure II.2. A
qualitative inspection of these curves shows similar trends to those observed in the
films formed by spin coating, most notably as the decrease in low Q scattering of the
PEDOT:dPSS blends with the addition of DMSO. Quantitatively, the decrease in domain
size (as monitored by the correlation length) is consistent with that of the spin-coated
films. Spray-coated films show a 70% decrease in domain size relative to those formed
from the aqueous solution (10 μm to 2.9 μm) with the addition of 1% DMSO, followed
by further decreases in domain size with additional DMSO (a 77% size reduction with
3% DMSO and 85% size reduction with 5% DMSO). As with the spin-coated samples,
the phase separated structure decreases systematically from that of the pure (0%
DMSO) PEDOT:dPSS solutions. Given that the qualitative and quantitative changes in
dPSS domain size in the film with addition of DMSO to the pre-deposition solution is
similar for both deposition techniques, it appears that the morphological changes in the
film are due to the structural changes of the blend in the pre-deposition solution with
addition of DMSO and not a result of the mechanics of the film formation processes
associated with the deposition technique.
Analysis of the neutron scattering curves at smaller length scales (higher Q value)
also shows similar morphological changes of the samples fabricated by the two
deposition techniques. The addition of DMSO to the pre-deposition solution also results
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in PEDOT fibrillar domains that fluctuate in size with DMSO loading for the samples
fabricated by spray coating. In the spray-coated samples, the rmin initially decreases
with added DMSO, followed by an increase in domain size at 3% DMSO and a slight
decrease with 5% DMSO. The rmaj initially increases significantly with addition of 1% and
3% DMSO, then decreases as 5% DMSO is added to the pre-deposition solution, leading to a
more symmetric cross-section of the PEDOT crystalline fibrils at this highest DMSO loading.
These results, therefore, demonstrate the disruption of the PSS and PEDOT domains with
DMSO addition to the pre-deposition solution is dominant in determining the structure of
the PEDOT:dPSS phase separated polymer blend film. This is accompanied by a
reorganization of the PEDOT fibrils with addition of DMSO. As the amount of DMSO is
increased in the pre-deposition solution, the dPSS domains continue to break up into
smaller domains, while the PEDOT fibrils become more uniformly aligned. This observation
is consistent with an increase in packing density of the PEDOT fibrils within the smaller
dPSS domains. Therefore, it appears that similar morphological formation processes occur
during film development in the spray-coated films as with the spin-coated films.
Discussion
Figure II.5 plots the domain size of the spin and spray-coated samples as a function of
amount of DMSO in the pre-deposition solution. Careful inspection shows that not only are
the trends of the two samples similar, but quantitatively follow each other. This
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Figure II.5 – Comparison of changes in domain size, as monitored by correlation
length, of PSS:PEDOT films with the addition of DMSO to pre-deposition solutions
for both spin- (red triangles) and spray- (black spheres) coated samples. The ratio
of the correlation lengths of spin-coated to spray-coated films (blue squares)
remains constant and is denoted on the right axis.

58

is exemplified by plotting the ratio of the domain size in the spin-coated samples to that in
the spray-coated samples, where this ratio is consistently about 50%. Accordingly, the
domains in the spray-coated films are systematically twice as large as those in the spincoated films. This observed difference in structure with a change in film formation
conditions is consistent with reported smoothness and size changes showing that spincoated films have consistently smoother surfaces with increased conductivity relative to
spray-coated films.7,9 This is also qualitatively consistent with the significant increase of
conductivity of PSS:PEDOT films when 1% DMSO is added to the pre-deposition solution,
which is followed by smaller increases in conductivity when increasing the DMSO
concentration to 3% and 5%.6
Given the similarity of the morphology of both the spin-coated and spray-coated films
with the addition of DMSO, it is our interpretation that the structure of the deposited films
are guided by the structure of the PSS:PEDOT assemblies that exist in solution prior to
deposition. PSS:PEDOT forms aggregates in the aqueous solution. Consequently, addition of
DMSO to a PEDOT:PSS aqueous solution disrupts the conductive PEDOT assemblies,
thereby creating smaller PSS domains in solution, as depicted in Figure II4a. Even though
the PEDOT fibrils remain encapsulated by a layer of PSS, the smaller fibril assemblies
remain in proximity to one another and the distance between the domains decreases. The
PSS layer between the fibril assemblies also decreases as a result. This thin insulating PSS
layer with small PEDOT fibrils enables a relatively smooth and more conductive film to
form which translates to the observed morphology of the domains in the film upon
deposition. We ascribe the large increase in conductivity with the addition of up to 5%
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DMSO in the pre-deposition solution to the formation of smaller dPSS domains in
solution with well aligned PEDOT fibrils.
However, the difference in domain size in the phase separated blend films with
coating procedure appears to be primarily influenced by solvent evaporation during
film formation. The formation of consistently smaller domains in the films deposited
using spin coating can be attributed to the faster evaporation times commonly
experienced in spin-coating techniques. For instance, in spin coating, the solution
spreads quickly and evenly, coating the entire surface while excess solvent in the
solution is cast beyond the edge of the Si substrate. Subsequent drying allows the
remaining solvent to evaporate quickly and evenly throughout the film. In comparison,
when spray coating a solution onto a silicon substrate, the small droplets of solution
impact the surface and dynamically spread in a localized area, each leaving a polymer
solution droplet on the film surface. Additional spray passes deposit additional
droplets. By dynamically wetting the substrate, a uniform film is created on the surface.
During film formation, the solvent coalesces as a thicker layer on top of the film than
that in the spin-coated samples. Evaporation time of the solvent during annealing takes
longer in spray-coated samples than in spin-coated, and this slow drying allows for the
polymer to aggregate more in the process. Smaller domains are therefore found in the
faster evaporating spin-coated samples than in the spray-coated samples. Thus,
samples formed by spin-coating exhibit a more well dispersed network of smaller
connected domains than spray-coated samples, which results in smoother surfaces and
improved performance. It is interesting that this variation with coating technique does
not fluctuate with the addition of DMSO to the solution, strongly suggesting that the
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presence of the DMSO does not alter the relative evaporation kinetics of the two deposition
techniques.
A subset of the samples reported here (pristine and 5%wt DMSO PEDOT:dPSS films
created by spray coating) coincide with samples that have previously been studied using
SANS/USANS.7 Qualitatively, the results reported here are consistent with those reported
previously, however previous studies report smaller domain and PEDOT fibrillar
structures. We believe that the quantitative difference can be ascribed to variation in
substrate and slight deviation in deposition conditions that were required to enable the
direct comparison of spin and spray-coated samples in this study. These changes resulted
in the formation of thicker samples in this study than were examined on the previous
study. The thicker films contain larger domains and aggregates, as demonstrated by the
large correlation lengths reported in Table II.1. It is interesting that the impact of this
increased film thickness does not appear to alter the underlying physics that control film
formation with the addition of DMSO to the pre-deposition solution, as the structure of
dPSS domains and PEDOT fibrils in the final conjugated polymer blend film follow similar
trends for all systems studied.
Conclusions
The neutron scattering results reported here provide insight into the structure of
PEDOT:dPSS thin films over length scales that range from angstroms to microns. These
results show that the addition of DMSO to pre-deposition PEDOT:dPSS polymer blend
aqueous solutions significantly decreases the correlation length of the fabricated phase
separated blend film, regardless of deposition technique. The decrease in correlation length
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is greatest when just 1% DMSO is added to the PEDOT:dPSS polymer blend and
continues to decrease with the addition of 3% DMSO and 5% DMSO. These results
demonstrate an increased dispersion of the PSS domains, which results in the improved
alignment of PEDOT fibrils within the domains. Smaller domains with well aligned
fibrils are consistent with previously observed increased conductivity of PEDOT:PSS
films formed from solutions containing DMSO.
Spin coating PEDOT:dPSS films resulted in consistently smaller domains than ultrasonic spray coating due to faster evaporation times, which inhibits aggregation of
domains and traps the aligned PEDOT fibrils. However, the qualitative similarity in the
changes in blend morphology for films formed with the two deposition techniques is
interpreted to indicate that the structures of the deposited films are intimately
dependent on the structure of the PSS:PEDOT assemblies that exist in solution prior to
deposition. These results therefore provide important structural insight into the film
formation process in conjugated polymer blend films, which is valuable in rationally
designing film fabrication procedures to attain targeted morphologies and
performance.
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Chapter III Surface Structure of Bicontinuous Microemulsions on Hydrophilic and
Amphiphilic Substrates.
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Abstract
Microemulsions (MEs) are a popular research topic with many industrial
applications. Recent developments have shown that MEs can be utilized for
electrochemical applications, including potentially in large-scale batteries.
Understanding the structure and dynamics of these systems is needed to understand
and direct their electrochemical behavior. While some bulk solution measurements
have provided insight, surface structures also impact the electron (to the electrode) and
ion (across the surfactant) charge transfer processes in the system. Neutron reflectivity
has been performed using a series of deuterated water (D2O)/Tween-20/Toluene ME
compositions on hydrophilic and amphiphilic surfaces to determine the interface's
structure between an electrode and a bulk ME. The surface structures formed by these
solutions demonstrate that they form layered structures near the hard electrode
surface. Decreasing the D2O concentration in the ME increases the number of and purity
of the layers established on the solid surface. These lamellar-type layers transition from
the surface to the bulk microemulsion as a series of mixed layers (i.e., contain oil, water,
and surfactant) that are consistent with the perforation of the lamellae. Additionally,
these mixed lamellae may become more perforated with oil and water pathways on an
amphiphilic surface. The purity and thickness of these layers can limit charge
transport, where increased purity directly at the electrode surface would increase
electron transfer. In contrast, perforated pathways through the lamellae increase the
ion transfer through the oil, surfactant, and water boundary.
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Introduction
Interest in microemulsions (ME) has spanned several decades. Research efforts focused
on their use in various industrial applications from food products to pharmaceuticals and
healthcare to energy materials, with a recent concentration on their electrochemical
functionality for use in energy-related devices.1-5 MEs consist of oil, water, and surfactants
with a hydrophilic head group and a hydrophobic tail group. 6-7 The head and tail of the
surfactant molecules arrange at the interface between these immiscible liquids of oil and
water, where the hydrophilic head aligns with the water phase, while the hydrophobic tail
aligns with the oil/non-polar phase. These mixtures create one of 3 types of emulsions, oil
droplets in water (O/W), water droplets in oil (W/O), or a bicontinuous microemulsion
(BME).6-10 BMEs, also known as Winsor III-type (W-III) emulsions, are low-viscosity,
isotropic mixtures that naturally occur when separate continuous oil and water channels
form with the surfactant acting as the boundary lowering the interfacial tension between
the oil channel and the water channel.7,9,10 Research has shown that BME structures consist
of well-distributed channels in the bulk.5,10 However, preferential layering of the oil and
water at solid surfaces occurs due to the polarity of the surface, oil, water, and surfactant.1114

Leading to an interruption of the bicontinuous morphology in a region near the surface,

impacting transport properties. This ordering at the surface is important given that until
more recently research on the electrochemical behavior of microemulsions has focused on
the bulk structure of these systems, with few studies focusing on the impact of surface
morphology on their performance.4,1216-15,16
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In electrochemical applications, charge transport must occur at the electrode
surface, where the electrode hydrophobicity can vary with the polarity of the electrode
material. This variation in polarity, ranging from hydrophilic to hydrophobic, can direct
the ME structure at the surface, which can differ substantially from that of the bulk
structure.11,13,177,188 To understand how the surface ordering of a ME relates to
electrochemical performance, the self-assembly of the ME near an impenetrable surface
must be determined over a variety of hydrophilicities to provide insight into the
behavior of the ME near a range of potential electrode surfaces. Neutron reflectivity is
one method that provides the required resolution and contrast control to determine the
surface ordering of MEs for this purpose.188,19 Using deuterated water (D2O) in the
microemulsion system, the contrast in scattering length density (SLD) between the
protonated oil/surfactant and the D2O increases. This strong contrast provides the
required resolution and statistics to elucidate the structure of the surfactant/oil and
water mixture in the system and is used to determine the morphology of the
microemulsion at a surface.14 Previous studies have shown that bicontinuous
microemulsions may form near-lamellar, ordered structures at a hard surface that can
vary with surface polarity.13,177,19 These lamellae may also perforate as more wellordered near-surface layers transition to the bicontinuous structure of the bulk. The
layered structure and transition to a bicontinuous bulk are dependent on the surface
polarity and the presence of an applied stress parallel to the interface.1515,1919 Growing
interest in renewable energy devices has increased research on microemulsions for
electrochemical storage devices, focusing on the lamellar structures that form at the
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surface of the electrode and how the functionality of the device changes with these
structures.2,4,9,177
Recent studies have shown that microemulsions do not stop the transfer of electrons at
the surface of an electrode or the transfer ions within the microemulsion from the oil phase
to the water phase.4, 20 Bard, et al., demonstrated electron and ion transfer using cyclic
voltammetry and collision experiments, where the addition of an ionic liquid allowed both
electron transfer and ion transfer.20 It is postulated that when the electron transfers from a
redox active agent in the surfactant, either a negative ion transfers out of or a positive ion
may transfer into the aqueous phase through the surfactant.20 Peng et al. also observed that
structuring a 66% water BME at the surface allowed the transfer of electrons from the
electrode to the ferrocenium and a compensatory transfer of an ion from the surfactant
head to the aqueous solution.4 The bicontinuous channels in the microemulsion examined
in this study are 48 Å on average and form layers on an amphiphilic electrode.4
It is important to understand the correlation of the ordering of a microemulsion near a
surface to its electrochemical performance, we have explored the near surface ordering of a
series of bicontinuous microemulsions on surfaces of varying hydrophilicity. Neutron
reflectivity monitors the surface structure of BMEs as a function of microemulsion
composition, where the microemulsion incorporates deuterated water to increase contrast
in the scattering experiments. The ordering of the bicontinuous microemulsion near the
impenetrable surfaces provides insight into the role of surface ordering on the
electrochemical performance of BMEs. These surface measurements can also provide
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guidance to design electrode surfaces for improved performance in electrochemical
applications.
Experimental methods

Microemulsion Preparation
All ME compositions were prepared by using an 82.5% Tween®-20 (poly(ethylene
glycol) (20) sorbitan monolaurate, Sigma Aldrich, St Louis, MO), 17.5% 1-butanol
(purity >99%, Sigma Aldrich), by mass as the emulsifier. The emulsifier then had a
constant 10:1 mass ratio with the oil. In these mixtures, the Tween®-20 serves as the
surfactant, with hydrophilic head groups and hydrophobic tail groups, and the 1butanol is the co-surfactant with the Tween®-20 helping reduce the interfacial tension
further. For neutron reflectivity, MEs were prepared as 80% D2O, 60% D2O, and 30%
D2O, by volume. The remaining contents of the microemulsion were an
emulsifier/toluene (high-performance liquid chromatography [HPLC] grade, Fisher
Scientific, Pittsburgh, PA) mixture. ME compositions studied are presented in the
ternary phase diagram of the Tween-20/Toluene/D2O system in Figure III.1.
Additionally, the phase diagram shows the phase boundary between the two-phase and
one-phase regions, as previously reported for this system.4 Microemulsion solutions
were prepared and provided by Brian Barth of the Zawodinski group at the University
of Tennessee Knoxville.
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Figure III.1 – Ternary phase diagram of microemulsion examined, including
concentrations studied in neutron reflectivity measurements. Colored triangles
indicate examined compositions (30% D2O- green, 60% D2O-red, and 80% D2Oblue). Black line indicates phase boundary between 1 and 2 phase domains.
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Neutron Reflectometry
Silicon substrates of varying hydrophilicity were prepared in advance of the neutron
scattering experiments. Each silicon surface was first cleaned with a piranha solution
(3:1 sulfuric acid/hydrogen peroxide) to remove any surface contaminants. Both Si
wafers were then exposed to UV-Ozone to create a controlled hydrophilic silicon oxide
surface.
The first Si wafer, referred to as the hydrophilic substrate, was then used as
prepared. The other Si wafer was transferred to a glove box, where the amphiphilic
surface was prepared by silanization of the wafer. The reaction proceeded by placing
the oxidized wafer in a 4 wt% n-octadecyltrimethoxysilane solution in toluene for three
days. The amphiphilic substrate was then sonicated in toluene for 30 minutes prior to
being rinsed with toluene and dried with air. The water contact angle of each substrate
was then determined to quantify its hydrophilicity, where the hydrophilic substrate
was found to have a water contact angle of 23°, while the amphiphilic substrate has a
water contact angle of 66°.
Neutron reflectivity measurements were performed on the NG7 horizontal axis
reflectometer at the NIST Center for Neutron Research. The MEs were loaded into a
solution cell on the horizontal axis reflectometer, where the neutrons travel through the
Si substrate to the SiOx-microemulsion interface. Neutrons then reflect off the structure
at the interface, where changing the incident angle controls the depth of the scattered
neutrons.22,23 The resulting intensity of reflected neutrons is then recorded as a
function of wavevector, Q, which is defined as, 𝑄 =

4𝜋 sin(2𝜃)
𝜆

. In this equation, λ is the
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wavelength of the neutrons, and 2θ is the angle of reflection. ME samples were loaded as
prepared into solution cells with either the hydrophilic (Silicon) substrate or the
amphiphilic (Silane) substrate. Reflectivity curves were obtained over a Q-range of 0.005
Å-1 to 0.15 Å-1. Data reduction was performed using Reductus software, and data analysis
was performed by fitting the measured reflectivity curve to a multi-layer model using IGOR
Pro 8 with the Motofit add-on for reflectometry.21,24,25 Fits were performed using leastsquares methods to minimize the error between the measured data and the calculated fit,
where the quality of the fit is reported as the square of the gradient χ2. Initially, genetic
optimization was applied to find global minimum χ2, followed by the Levenberg-Marquardt
method to find the local minimum χ2.23 χ2 is calculated using Equation 3.1 as described in
the literature, where L is the number of points in the data, P is the number of points in the
fit, yn,obs represents the observed intensity of the reflected neutron beam, while yn,calc is the
calculated intensity in the least-squares fit, and yn,err is the local error between the fitted
value and the actual measurements. 24
1

𝜒 2 = ∑𝐿𝑛=1 𝐿−𝑃 (
𝜌𝑧 = ∑𝑁
𝑖=0

𝑦𝑛,𝑜𝑏𝑠 −𝑦𝑛,𝑐𝑎𝑙𝑐

𝜌𝑖 −𝜌𝑖+1
2

𝑦𝑛,𝑒𝑟𝑟

(1 + 𝑒𝑟𝑟

2

)

𝑧−𝑧𝑖
√2𝜎𝑖

Equation 3.1

)

Equation 3.2

The SLD profile, ρz, is then determined using Equation 3.2, where N is the total number
of layers, ρ is the scattering length density of each layer, err is the error function, z is the
distance from the solid-liquid interface, and σ is the roughness between the layers. To
further confirm the results of the reflectivity data, the mass balance as an integral of
volume fraction profiles of D2O in each microemulsion were calculated and not allowed to

77

deviate more than 10% from known values. These calculations are presented in the
supporting information.
The mass balance, MB, as an integral of volume fraction profiles of D2O in each
microemulsion across the surface structure was calculated using Equation 3.3,
𝑆𝐿𝐷

−𝑆𝐿𝐷

𝑀𝐵 = ∫ 𝑉𝑜𝑙. 𝐹𝑟𝑎𝑐. 𝑜𝑓𝐷2 𝑂(𝑧)𝑑𝑧 = ∫ 𝑆𝐿𝐷 𝐷2𝑂−+𝑆𝐿𝐷𝑚𝑒𝑎𝑠
𝐷2𝑂−

(𝑧)

𝑜𝑖𝑙+𝑠𝑢𝑟𝑓

𝑑𝑧,

Equation 3.3

where 𝑆𝐿𝐷𝐷2𝑂 is the scattering length density of the D2O (ca. 6.393x10-6 Å-2), SLDmeas(z) is
the scattering length density of the microemulsion at depth z, and SLDoil+surf is the total
scattering length density of the protonated components of toluene and the surfactant (ca.
4.83x10-7 Å-2). The composition profiles of the layers were calculated as a function of
distance from the solid-liquid interface. The mass balance results, shown in Table III.1,
were all within ±5% of the expected values. The calculated mass balance indicates that the
systems maintain expected concentrations within the surface structures consistent with
the bulk solution.
Results

Reflectivity Results
Neutron reflectivity data for the hydrophilic wafer, dry, in contact with D2O, and
with all three MEs are presented in Figure III.2. In contrast, Figure III.3 shows the
reflectivity curves for these same conditions for the amphiphilic wafer. Figures III.2
and III.3 also include the fits to the experimental data using the multi-layer model to
determine the structure of each ME near the hydrophilic and amphiphilic surfaces.
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Table III.1- Calculated mass balances of D2O at the Si surface from Equation 3.

Substrate

30% D2O

60% D2O

80% D2O

Hydrophilic Si

32.69

61.94

75.27

Amphiphilic Silane

29.97

60.85

80.10
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Figure III.2 – Neutron reflectivity data and fits of Dry (black), Wet (orange), 30%
D2O (green), 60% D2O (red), and 80% D2O (blue) on hydrophilic Si Substrate.
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Figure III.3 – Neutron Reflectometry data and fits of Dry (black), Wet (orange),
30% D2O (green), 60% D2O (red), and 80% D2O (blue) on amphiphilic Si Substrate.
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Figures III.4 and III.5 show the scattering length density profiles of all three MEs near the
hydrophilic and amphiphilic surfaces, respectively. Figures III.2 through III.5 also show the
reflectivity curves and scattering length density profiles resulting from the fitting process
for each wafer dry (in the air) and in contact with D2O. The structural details of all samples
studied on the hydrophilic and amphiphilic substrates are listed in Tables III.2 and III.3,
respectively. All fits had a χ2 < 0.04. The scattering length density of each layer in the
samples as determined by the reflectivity fits of the various compositions on a hydrophilic
substrate are presented in Table III.2, while the fits for compositions on the amphiphilic
substrate are presented in Table III.3. Moreover, the calculated SLDs of the components in
the microemulsion or silicon wafer are presented in Table III.4.

Structure of Si Substrates
Inspection of the results reveals the structure of the hydrophilic and amphiphilic
surfaces in air and D2O. These results confirm an oxidized layer (SiOx) on each substrate
that formed from treating the wafer with piranha and UV-Ozone. The hydrophilic
substrate in the air has an oxidation layer 84 Å thick and an SLD of 2.700x10-6 Å-2,
which confirms the formation of SiOx. For the Si substrate with the silane, the SiOx layer
was found to be 97 Å thick, with an SLD of 3.390x10-6 Å-2.
The SiOx layer on the amphiphilic wafer transitions into a silane layer that is 51 Å thick
with an SLD of 0.358x10-6Å-2, which is higher than the estimated SLDSilane = −0.157𝑥10−6
Å-2. This variation can be attributed to the capture of moisture from the atmosphere
attracted to the hydrophilic Si in both the silane and at the SiOx layer during this
experiment. The thickness of the pure silane layer (51 Å) is also larger than
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Figure III.4 – Scattering length density profile of Dry (black), Wet (orange), 30%
D2O (green), 60% D2O (red), and 80% D2O (blue) on hydrophilic Si Substrate.
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Figure III.5 – Scattering length density profile of Dry (black), Wet (orange), 30%
D2O (green), 60% D2O (red), and 80% D2O (blue) on amphiphilic Si Substrate.
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Table III.2 - Scattering length density (SLD x 10-6 Å-2), thickness (z, Å), and roughness (R,
Å) of layers in microemulsions on hydrophilic Si substrate determined from
reflectometry fits.

Microemulsion

Dry

Wet
80%
D2O
60%
D2O
30%
D2O

SLD
Z
R
SLD
Z
R
SLD
Z
R
SLD
Z
R
SLD
Z
R

SiOx
2.700
84.0
14.9
3.164
89.1
6.8
3.190
75.2
2.6
3.149
75.0
6.1
3.079
73.6
5.9

Layer 1
4.537
31.7
5.7
4.036
31.2
4.3
3.767
29.2
5.2

Layer 2
1.230
39.2
2.1
0.967
36.1
4.0
0.793
38.4
6.0

Layer 3
6.360
70.4
4.3
5.202
54.3
3.4
3.283
31.7
5.8

Bulk
0.000
4.9
6.302
13.5
5.169
5.6
3.988
8.1
2.223
1.6
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Table III.3 - Scattering length density (SLD x 10-6 Å-2), thickness (z, Å), and roughness (R Å)
of layers in microemulsions on amphiphilic silane substrate determined from
reflectometry fits.

Microemulsion

Dry

Wet
80%
D2O
60%
D2O
30%
D2O

SLD
Z
R
SLD
Z
R
SLD
Z
R
SLD
Z
R
SLD
Z
R

SiOx

Layer 1

Layer 2

Layer 3

Layer 4

Layer 5

Bulk

3.390
97.2
9.9
3.416
92.6
7.2
3.445
96.2
6.8
3.398
96.6
6.7
3.464
98.5
6.7

0.358
50.8
1.1
1.249
17.3
5.6
0.453
37.8
7.1
0.717
41.4
7.9
0.987
43.7
7.3

5.236
56.7
8.8
6.399
31.1
1.7
6.392
28.3
1.4
6.390
14.0
1.3

5.194
98.0
3.0
3.981
67.5
0.8
0.880
9.1
2.1

4.963
58.1
1.4
4.301
23.2
1.5
2.527
14.1
1.6

2.009
17.7
2.7

0.000
1.1
6.289
3.2
5.236
1.5
4.156
3.9
2.305
1.7
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Table III.4 - Calculated scattering length density of components in
microemulsion systems.

Component
Si
SiO
SiO2
D2O
Toluene
1-butanol
Tween®20
n-octadecyltrimethoxysilane
Emulsifier
(82.5% Tween-20/17.5% 1-butanol)
Protonated components of ME
(10:1 ratio Emulsifier: Toluene)

Density (g/cm2)

Ca. SLD (x10-6
Å-2)

2.329
2.130
2.200
1.110
0.867
0.810
1.100
0.883

2.073
2.897
3.475
6.393
0.941
-0.330
0.594
-0.155

ca. 1.049

0.432

ca. 1.031

0.483
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the expected size of a dry n-octadecyltrimethoxysilane monolayer, which has been
previously reported to be 21 Å and calculated from Avogadro Geometry Optimization to be
25 Å. Therefore, these results indicate that the silane forms multiple (2-3) layers on the Si
surface during the silanization reaction.
When the hydrophilic surface is in contact with D2O, the SiOx layer is hydrated, as
evidenced by the SLD increasing to 3.164x10-6 Å-2, while the layer thickness increased
from 84 Å to 89 Å. This experiment also shows that a transition layer exists between the
SiOx layer and the bulk D2O, SLDD2O = 6.393𝑥10−6 Å−2 . The SLD and thickness of the
SiOx layer on the amphiphilic substrate did not vary with water. However, the silane
layer did contract when exposed to water, where the silane layer thickness decreases to
17 Å when exposed to water.
This collapse of the silane layer coupled to the emergence of an additional
transitional layer between pure silane and pure D2O can be attributed to the adsorption
of D2O into the top portion of the silane layer. Since the water contact angle is 66° on
the silane, it is reasonable that water and oil may penetrate this porous layer to some
extent. While the oil will adsorb on the n-octadecyltrimethoxysilane chains, water is
attracted to the Si attached to the substrate through the porous silane. Therefore, in a
pure water environment the silane may adapt to allow water to penetrate. The
composition of this transitional layer appears to be dominated by D2O, as its SLD is
5.236x10-6 Å-2. Moreover, the thickness of this transitional layer is 56.7 Å that, when
combined with the thickness of the pure silane layer (17.3 Å), reveals that the silane
layer partially swollen with water is ca. 23.2 Å thicker than the dry silane layer.
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The final layer in the SLD profiles in Figures III.4 and III.5 are the bulk system that is not
influenced by the presence of the surface. For dry substrates, this layer air
(SLD=0.000x10-6 Å-2), and for wet substrates, this layer is pure D2O (SLD=6.393x10-6 Å-2).
For each ME, the composition and SLD of the final layers is dependent on the
concentrations of water/surfactant/oil in the specific microemulsion. All of the layers have
lower SLDs than that of pure D2O and higher than that of the emulsifier/oil mix. In the
following analysis and discussion, if the SLD of a layer is higher than that of the bulk
microemulsion SLD, the layer is termed D2O-rich. Conversely, if the layer has an SLD lower
than that of the bulk solution, the layer is considered emulsifier-rich.

Ordering of the Microemulsions on a Hydrophilic substrate
The layered structure of all MEs on the hydrophilic surface, shown in Figure III.4, exhibits
similar trends. The MEs form three layers between the silicon surface and the bulk
microemulsion. The Si wafer consists of the bulk silicon, topped with a ca. 73.6 Å to 89.1 Å
silicon oxide layer, as shown in the wet and dry samples. Each ME produces a layer next to
the SiOx layer that has an SLD greater than the SiOx layer. A higher SLD corresponds to
more D2O in the layer, and the maximum SLD of each layer increases from 3.767x10-6 Å-2,
4.036x10-6 Å-2, and 4.537x10-6 Å-2 as the D2O concentration increased from 30%, 60%, and
80%, respectively. The increased SLD in the layer demonstrates that D2O appears to be
attracted to the SiOx surface, although it is not pure D2O and therefore must be a mixture of
D2O and oil/emulsifier. This is because the calculated SLDs of the components in the
system are 6.393x10-6 Å-2, 0.941x10-6 Å-2, and 0.432x10-6 Å-2 for D2O, toluene, and the
emulsifier, respectively. Thus, any layer with an SLD above 0.941x10-6 Å-2 must contain
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some D2O, and any layer with an SLD below 6.393x10-6 Å-2 must contain some oil and/or
surfactant. Therefore, the initial layer of the microemulsion on the hydrophilic surface
appears to be a mixture of water and surfactant head group. The SLD of this first layer
scales with the amount of D2O in the system, further indicating that the amount of
oil/surfactant in the layer neighboring the surface increases with a decrease in water
concentration. Regardless of microemulsion composition, this initial layer is consistently
around 30 Å thick, although growing roughness when less water is in the system. This
roughness may be attributed to the fact that at lower D2O concentrations, the lower
contrast between layers results in a decrease in reflectivity, manifesting as an increase in
interlayer roughness due to limited resolution between these layers.
The second layer that forms in the microemulsion is mainly composed of
surfactant/oil, as indicated by the low SLD (~ 1 x 10-6 Å-2) of the layer. Only the 30%
ME has an SLD below 0.941x10-6 Å-2 indicating the absence of water in this layer. Also,
the 60% and 80% D2O samples form a second layer with SLDs of 0.967x10-6 Å-2 and
1.280x10-6 Å-2, respectively, suggesting both layers have some D2O but are
predominately protonated oil/emulsifier. Similar to the layer next to the SiOx, this layer
also retains an equal thickness for all D2O compositions (~37Å). At the same time, the
roughness of the layering increases with the decrease in scattering intensity.
The third layer formed after the surfactant/oil-rich layer represents another D2Orich layer, as indicated by the increase in SLDs above the bulk values of each
microemulsion. In this layer, the SLDs for the 30%, 60%, and 80% D2O samples are
3.283x10-6 Å-2, 5.202x10-6 Å-2, and 6.360x10-6 Å-2, respectively. This layer in the 80%
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D2O microemulsion is nearly pure D2O, while the layers formed in the 30% and 60%
microemulsions show modest D2O concentrations. Additionally, the 80% D2O and 60%
D2O have SLDs above the SLD of the layer adjacent to the SiOx surface and the bulk layer. In
comparison, this layer in the 30% D2O microemulsion has an SLD lower than the layer near
the SiOx but higher than the bulk microemulsion. An indication that there is more D2O in
the D2O-rich third layer than at the SiOx surface for the higher water concentrations.
However, for 30% D2O microemulsion, more water is present at the SiOx-liquid interface
than in the third layer.
Each ME forms three well-defined layers between the solid-liquid interface and the bulk
solution on the hydrophilic surface. From the Si surface to the bulk, these layers alternate
from high concentration of D2O to an emulsifier/oil-rich layer followed by another waterrich layer. The compositions of these layers vary with overall ME composition as expected
that is more D2O is in the D2O-rich layers for the MEs with higher water content.
Additionally, the thicknesses of the first two layers do not vary with ME composition, while
the thickness of the third layer scales with the amount of water in the ME.

Microemulsion Ordering on an Amphiphilic Substrate
The ordering of the MEs on the amphiphilic silane surface, as shown in Figure III.5, is
organized to a different structure than observed on the hydrophilic surface, Figure III.4,
while maintaining a similar general layering. On this surface, the analysis of the reflectivity
data shows the presence of the ca. 50 Å silane layer on the ca. 100 Å SiOx layer, as
demonstrated in the SLD profiles of the dry (air) and wet (D2O) samples. It is worth noting
that the increase in the SLD of the silane layer in the presence of D2O indicates penetration
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of the D2O into the porous amphiphilic layer. When the 30%, 60% , and 80% D2O MEs
are in contact with the amphiphilic surface, the contents of the ME also penetrate the
silane, increasing its SLD as more ME penetrates the layer. Interestingly, the presence of
the emulsifier and water appears to compress the silane layer. The 30% D2O ME
compresses this layer to 44Å, while the 60% D2O (41Å) and 80% D2O (38Å) MEs
compress the layer further. The SLDs (and composition) of this layer also show
interesting changes with ME composition. The silane layer in the presence of the 80%
D2O ME has a low SLD (0.453x10-6 Å-2) close to the SLD of only the protonated
components. However, the silane layer with the 60% D2O ME increases its SLD slightly
to 0.717 x 10-6 Å-2. Moreover, the SLD of the silane increases further to 0.987x10-6 Å-2
with the 30% D2O ME. This silane layer maintains an SLD lower than that of toluene in
the presence of the 60% and 80% D2O MEs, suggesting that the layer is swollen by
emulsifier/oil but not water. The size and SLD of the silane layer with the 80% D2O
microemulsion indicate that a small amount of emulsifier/oil penetrates this
amphiphilic layer, increasing its SLD. However, the presence of the surfactant
boundary between the oil and water phases allows the water to compress the
silane/emulsifier in the oil phase while little D2O penetrates the layer resulting in an
overall compression of the silane. As the amount of water in the microemulsion
decreases, the SLD of this layer increases, suggesting more emulsifier/oil penetrates the
layer. At the same time, the thickness of this layer increases, consistently correlating the
amount of water in the microemulsion to the amount of layer compression. Thus, with
more emulsifiers and oil in the microemulsion, the silane adsorbs the oil or emulsifier,
raising the SLD of the layer. In all cases, the presence of the microemulsion compresses
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the thickness of the silane-surfactant/oil layer relative to that of the dry silane thickness.
A layer rich in D2O exits in all MEs, with SLDs between 6.389x10-6 Å-2 (30%) and
6.399x10-6 Å-2 (80%) that neighbors the silane-emulsifier/oil layer. This layer is present in
all the MEs and has an SLD comparable to D2O indicative of a nearly pure D2O layer forming
next to the silane-emulsifier/oil layer. However, the thickness varies with the
concentration of D2O. Careful inspection shows that this layer in the 80% D2O ME is at its
thickest (31 Å) while decreasing slightly in the 60% D2O microemulsion to ca. 28 Å, and a
thickness of 14 Å in the 30% D2O ME. Indicating that while a nearly pure water layer does
form, the layer thickness is constrained by the composition of the ME and the thickness and
composition of its surrounding layers.
Further from the silane layer beyond this D2O-rich layer, each ME forms multiple layers
with SLDs fluctuating between oil-rich and D2O-rich before reaching the bulk ME. The
number, depth, and breadth of the oscillations are directly correlated with the ME
composition. The 80% D2O ME forms thick neighboring layers of 98.0 Å and 58.1 Å, where
the SLD of these layers (5.194x10-6 Å-2 and 4.963x10-6 Å-2) are both slightly below the bulk
microemulsion SLD of 5.236x10-6 Å-2. This suggests that in this ME, the compositions of
these layers differ somewhat from that of the bulk and must form three-dimensional
morphologies that connect the highly ordered layering at the surface to the tortuous
bicontinuous morphology of the bulk. A decrease in water loading in the ME to 60% D2O
leads to a similar structure, where two neighboring layers exist but are slightly thinner
with layer thicknesses of 67.5 Å and 23.2 Å. Layers in the 60% D2O ME alternate from the
SLD of the penultimate layer (SLD = 3.981x10-6 Å-2), being lower than the bulk (SLD =
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4.16x10-6 Å-2), while the SLD of the last layer (SLD = 4.301x10-6 Å-2) increases back
above that of the bulk. This alternating layering indicates that the concentration of each
layer is fluctuating between emulsifier-rich and D2O-rich layers. Layers with SLDs that
are close to the bulk solution indicate the presence of both emulsifier/oil and D2O in
these layers, suggesting the formation of three-dimensional morphologies that connect
the highly ordered layering at the surface to the bulk bicontinuous morphology. The
30% D2O ME layers show a similar alternating structure, where the layers alternate in
SLD below and above that of the bulk solution. However, in this ME, the layering
decreases further in thickness (9.1 Å, 14.1 Å, and 17.7 Å), accompanied by an increase
in the number of distinct layers from two to three. Furthermore, the change in SLD is
more extreme (8.80x10-7 Å-2, 2.527x10-6 Å-2, and 2.009x10-6 Å-2) before reaching the
bulk solution (SLD = 2.305x10-6 Å-2). Interestingly, the total thickness of the three
layers combined (41 Å) is similar to the estimated thickness of the domains of the
surfactant channels measured by a collaborator in the bicontinuous bulk morphology
(21 Å - 45 Å, which is the distance from one Tween®-20 head group to the next
Tween®-20 head group). However, the difference of SLDs between layers in the 30%
D2O ME increases as compared to the 60% D2O and the 80% D2O ME implying the
layering is well defined between the emulsifier/oil-rich and D2O-rich transitional layers,
that is the layers decrease in thickness but increase in richness of either emulsifier or
D2O.
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Discussion

Hydrophilic surface structures
The neutron reflectivity results clearly show that each of the MEs forms three
definite layers on the hydrophilic surface before reaching the bulk composition at 175-200
Å from the silicon wafer surface. The layer closest to the SiOx surface is a mixture of
emulsifiers and D2O, and the amount of D2O in this layer increases with increasing D2O
loading. However, this initial layer is not D2O-rich for the 60% and 80% D2O MEs, as the
peak SLD for this layer is less than that of the bulk ME. Unfortunately, the composition of
the layer does not precisely identify the morphology of the ME at the surface. However,
careful interpretation of the layers can provide insight into the ME structure in the nearsurface layers.
D2O and the hydrophilic headgroups of the surfactant are attracted to the hydrophilic
SiOx surface creating a mixed layer that contains water and surfactant. One morphology,
illustrated in Figure III.6a, consistent with this mixed layer, contains elongated droplet-like
aggregates of surfactant that enclose oil in a continuous water phase. This assembly has
been suggested in previous studies of microemulsions and creates perforations in the
water lamellae by oil/surfactant droplets.9,11 These perforations can be thought of as
channels between layers of oil and water separated by surfactant boundaries, forming the
BME channels. As the concentration of water decreases, the volume fraction of the
surfactant head groups on this layer increases, consistent with the decreasing SLD of this
layer as the ME composition changes from
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Figure III.6 – Sketch of proposed microemulsion structures at a hydrophilic Si
surface (a) and amphiphilic silane surface (b), illustrating how lamellar may form
with perforations as they approach the bulk solution.
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80% to 60% and 30% D2O. Moreover, the thickness of this layer remains around 31 Å,
which is near the reported size of the surfactant molecule, 35 Å,4, 7, suggesting the size of
the surfactant molecule and its alignment (nearly) perpendicular to the surface controls
the thickness of this layer.
The transition from the first to the second layer consists of a mixture of hydrated
surfactant headgroups and oil with the surfactant tails, which then transitions to an oil-rich
layer. However, this layer consists primarily of oil and surfactant. At higher D2O
concentrations, the SLD increases, which can be attributed to the presence of small water
channels throughout the continuous surfactant/oil layer. The SLD of this layer in the 30%
D2O ME indicates the layer being dominated by emulsifier and toluene. The SLD of this
layer in the 60% and 80%D2O ME is higher, meaning increased D2O in this layer. The
increased amount of D2O appears to drive the surfactant to enclose a region of toluene in
the layer, allowing small pockets of D2O to exist in this layer. These pockets of D2O are the
beginning perforations that form as the distance from the solid-liquid interface increases.
The initial layers formed are distinct and may have droplets of oil/emulsifiers in water
or hydrated surfactant heads. However, further from the surface, the SLD of the layers
approaches the bulk through dampening fluctuations in SLD. The closer the measured SLD
of the layer is to the bulk SLD indicates a mixture of oil/emulsifier and water that more
closely resembles the bulk solution. Therefore, as the SLD approaches the bulk,
perforations of oil in D2O-rich layers or D2O in oil-rich layers increase gradually,
transitioning to the bulk solution where oil and water channels with the emulsifier at the
interface have formed the bicontinuous morphology of the bulk.
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The third layer that forms in the MEs on a hydrophilic surface has SLDs that indicate
a D2O-rich layer, where the amount of D2O in the layer increases with ME D2O content.
In the 80% D2O ME, the layer is almost pure D2O and thicker than any other layer
discussed yet. The dominant presence of water in this layer forms a lamella
encompassed by the surfactant/oil-rich layer closer to the surface and the bulk
microemulsion further from the surface. Inspection of this layer in the 60% D2O ME
shows a thinner layer and a lower SLD than the 80% D2O ME. Hence, this layer is a
mixture of emulsifier/oil and D2O, which suggests that it contains emulsifier/oil
aggregates in a primarily D2O layer, forming perforations of the water layer. The
structure of this layer in the 30% D2O ME further suggests that perforations of
emulsifier/oil aggregates are developing in the D2O-rich lamellae. In this layer, the SLD
is still above that of the bulk SLD and is mostly water. However, the SLD of this layer in
the 30% ME is lower than the same layer in the 60% or 80% D2O MEs, indicating more
oil and less water in this layer relative to the composition of this layer in MEs with
higher D2O loadings.
Overall, the MEs form a triple layer assembly on the hydrophilic surface, alternating
between D2O-rich, emulsifier/oil-rich, and D2O-rich layers. In the D2O-rich layers,
increased D2O loading in the ME corresponds to higher D2O loading in each layer. The
layers are not pure D2O or emulsifier/oil, indicating that droplets of the minor phase
perforate the layers. Additionally, the transitions between surfactant-rich and D2O-rich
layers are gradual, consistent with forming channels between the layers.
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Ordering of the Microemulsions on the Amphiphilic surfaces
On the amphiphilic surface, the MEs assemble slightly differently than on the
hydrophilic surface. The amphiphilic surface contains a porous grafted silane layer that
forms the first layer near the SiOx layer. This silane layer is penetrated by the emulsifier
and oil while compressed by the D2O, resulting in an SLD and layer decrease with
increasing D2O. Adsorption of oil and emulsifier on the silane at this layer suggests the ME
forms a layer of primarily hydrophobic surfactant tails and oil in the silane with minimal
D2O penetrating the silane. The sharp transition from the silane layer to the neighboring
ME layer suggests that Tween®-20 surfactant heads align to form a boundary that is nearly
parallel to, with the surfactant tails aligning perpendicular to, the surface and the
surfactant bordering the adjacent D2O-rich layer. The silane and surfactant tails are free
move in the oil phase, while the boundary of surfactant heads creates a surface to where
increased water in the microemulsion will compress it closer to the SiOx layer. In all three
MEs, the D2O-rich layer is well-defined and nearly pure, which indicates the layering of the
MEs on the amphiphilic surface is more definitive than their ordering of the hydrophilic
surface.
These initial layers near the hard surface transition to multiple (2-3) layers that
oscillate in composition (and SLD) above and below that of the bulk microemulsion. These
layers in the 80% and 60% D2O microemulsion contain D2O-rich lamellae intermixed with
patches of emulsifier/oil, or vice-versa. An additional layer is present in the 30% D2O
microemulsion (3), each with decreased thicknesses that dampen as they approach the
bulk. These features suggest that the microemulsions form elongated surfactant aggregates
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in these layers at higher water content. These aggregates act as the boundaries
between oil and water channels and increase in volume fraction as the layers approach
the bulk solution, as illustrated in Figure III.6b. Interestingly, the SLD only varies
slightly from the SLD of the bulk (± 5%), indicating that the layering in this area is not
determinate for the 60% and 80% MEs. However, in the 30% D2O microemulsion, the
SLD oscillations beyond the first two layers are more significant (+10%, -50%),
indicating that more defined layers form in these MEs and perforations in these layers
are fewer than at higher D2O loadings.

Impact of Surface Structures on Electrochemical Performance
Static measurements of the near-surface structures of microemulsions also provide
insight into the MEs’ potential electrochemical performance. Previous studies have
determined that pure, thick layers of oil and surfactant or water inhibit charge
transfer.4,19,20 Therefore, the presence of mixed layers on a surface should provide
pathways for charge transfer from the bulk to the surface, potentially increasing the
rate of charge transfer at the electrode surface.
On the hydrophilic surface, the 30% D2O and 60% D2O MEs assemble into mixed
layers near the surface that are consistent with perforated lamellae, which should be
more conductive. The multiple pathways will allow efficient transfer of charges across
the surfactant and to the electrode surface. However, the 80% D2O ME forms a thick,
nearly pure layer of D2O that would inhibit charge transfer through this portion of the
ME. Conversely, the 30% D2O ME on the amphiphilic surface shows increased mixed
layers, more fluctuations, and thinner layers than both the 60% D2O and the 80% D2O
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MEs on the same surface, suggesting the 30% D2O ME could allow charge transfer of ions
across the surfactant boundary and electrons at the electrode surface. The increased
availability of emulsifier/oil and water at the surface in a perforated lamellae should
increase the charge transfer in the structures of these systems.
However, the MEs assemble into different layered structures on the amphiphilic
surface. Here, the formation of pure (for all compositions) and thicker (for 60% D2O and
80% D2O) lamellae suggests the conductivity of a ME on this surface is limited. In contrast,
a ME (30% D2O and 60% D2O) performance on the hydrophilic surface would benefit from
the thinner and more perforated layering. Therefore, the formation of perforated lamellae
in these MEs should increase charge transfer. Increasing the water concentration increases
the thickness and purity of the surface layers, creating fewer pathways for charge
conduction, leading to a prediction that charge transfer would be optimal on a hydrophilic
surface and the 30% D2O ME would exhibit significant conductivity on either a hydrophilic
or amphiphilic electrode surface. However, it must be noted that these measurements
monitor the structure of a static sample with no external electric field. The application of an
electric field could alter these assemblies and alter charge transfer performance. Future
experiments are planned to examine the assembly of microemulsions near various surfaces
in an electric field.
Conclusions
The assembly of bicontinuous microemulsions near surfaces with varying
hydrophilicity are monitored. Structures of different concentrations of BMEs in aqueous
solutions on hydrophilic and amphiphilic substrates have been observed. The
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microemulsions examined here form multiple lamellar-like layers on hydrophilic and
amphiphilic surfaces, where each layer is rich in water or emulsifier/oil. The layers
transition to bulk material over 100-200 Å, where the layers can be described as
perforated lamellae. MEs on the hydrophilic surface form layers consistent with
perforated lamellae for all compositions studied. On the hydrophilic surface, the
increased D2O content forms thick D2O-rich layers that may inhibit charge transfer.
However, on the amphiphilic surface, the microemulsions form more layers that are
rich in water or oil/emulsifier. Therefore, the MEs on the hydrophilic surface create
perforated lamellar assemblies that provide pathways that should improve charge
transfer near the surface.
The thicknesses of the layers decrease with decreased water content in these MEs
on both surfaces. The 30% D2O ME forms thinner layers relative to those formed in the
60% D2O and 80% D2O microemulsions, primarily when in contact with an amphiphilic
surface. While thicker layers formed at a surface have been shown to inhibit charge
transfer from the bulk to the electrode, these thinner surface structures may increase
charge transfer at this surface.4,20 Finally, the observed multiple mixed layers between
the surfaces and the bulk solution are consistent with the existence of perforated
lamellae, which will allow increased electrical performance due to the increased
availability of pathways for charge transfer at an electrode surface.
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Chapter IV The Evolution of Structure in Mixtures of Choline Chloride and Glycerol in
Forming the Deep Eutectic Solvent Glyceline
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Abstract
Deep Eutectic Solvents (DES) are similar to ionic liquids and are formed by heating
immiscible pairs of solids that consist of a hydrogen bond donor and a hydrogen bond
acceptor. These compounds thermodynamically mix when melted and form a solution that
remains a liquid when cooled below the melting point of either individual component. DES
have generated interest as potential components in large scale batteries at ambient
temperatures due to the network of hydrogen bonds that form in the mixture that creates
the potential for electrochemical behavior in the liquid. Glyceline, a mixture of 33% choline
chloride (ChCl) in glycerol, forms networks of glycerol and chloride that develop with the
addition of ChCl to glycerol. Neutron diffraction combined with deuteration of the DES
components and molecular dynamics offers a robust method to monitor the evolution of
the mixture structure as the composition approached the eutectic. The results show that
the availability of the chloride ion to disrupt the intermolecular hydrogen bonding network
that exists in pure glycerol is realized by the preference of choline to assemble with other
choline molecules as the concentration of choline chloride increases and the solution
approaches the eutectic point. Understanding the morphology of these mixtures and how
their assembly change as Glyceline forms is critical to developing paths to improve their
performance in electrochemical applications.
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Introduction
Deep eutectic solvents (DES) have become a material class of keen interest since
first reported by Abbott, et al., in 2001.1 DES are similar to ionic liquids that are
moisture stable and have similar electrochemical behavior, including the potential to
form conductive liquid structures.1-4 However, the original components in a DES are
usually immiscible at room temperature and only form a mixture with intricate
hydrogen bonds when heated together.1,5 These hydrogen bond networks are then
maintained when cooled back to room temperature, where the solvent remains liquid
well below the melting point of the individual components. 1,5 DES’s rely on the
formation of extensive hydrogen bonds at certain chemical compositions that include
hydrogen bond donors (HBD), typically a halide salt, and acceptors (HBA), typically an
alcohol, amide, or carboxylic acid . Many common mixtures form DES’s and have been
the topic of substantial research including Reline (ChCl:urea), Maline (ChCl:malonic
acid), Ethaline (ChCl:ethylene glycol) and Glyceline (ChCl:glycerol).6-10 These mixtures
show some similar behavior to each other and to ionic liquids, where their mixed
structure and presence of ions open the potential for their use in many applications
including synthesis, gas adsorption, drug delivery and large-scale liquid battery energy
storage. 7-16
A large number of methods have been used to determine and analyze the structure
and dynamics of DES’s, including broadband dielectric spectroscopy, Raman
spectroscopy, and neutron scattering.5,17-21 The dynamics of DES have been measured
over a broad range of compositions to show that the addition of a halide salt to the
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hydrogen bond donor solvent at a temperature above the melting point of this solvent
allows the materials to mix and form conductive networks.22-26 These mixtures can be
tuned and used to store energy. Research to determine the structure and dynamics of
DES’s have been performed using X-ray and neutron scattering techniques to determine
how the hydrogen bonds and interactions formed in the DES’s change with solution
composition and at elevated temperatures, and how this affects the energy storage
performance of the material.11,23,28 Neutron spectroscopy and neutron spin echo have
determined that the glycerol is the major component in the hydrogen bond network
formed in Glyceline.29,30 Concurrently, wide angle neutron diffraction has been utilized to
determine how the components of a mixture assemble to form a DES.6,7,22,31-33 Neutron
scattering offers an opportunity to dial in contrast between components by selective
deuteration. This change in contrast provides a method to elucidate the structure of the
hydrogen bonding network by examining the HBD and HBA independently and has been
explored by deuteration of the different components as well as of the groups within a
molecule.32,33
For instance, Holbrey, et al, have shown that the glycerol in the eutectic Glyceline
(33%ChCl:glycerol) forms a hydrogen bond network that is disrupted at higher loadings of
ChCl, i.e., at 50% ChCl:glycerol.33 In this study, they report that choline enters interstitial
voids in the hydrogen bond network that consists of glycerol and chloride anions, thereby
acting like a plasticizer within this connected system, which only breaks up at higher
concentrations of ChCl. The use of Empirical Potential Structure Refinement (EPSR), a
Monte Carlo modeling method, aids in the analysis of the neutron diffraction studies.22,31,33
However, molecular dynamics (MD) has also been used to computationally model liquid
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structures.32 Simulations from both classical MD (CMD) and ab-initio MD (AIMD) build
reliable interaction models between the molecules in the system and can provide
molecular level insight into the assemblies that contribute to neutron diffraction data.32
Continued efforts have been made to determine the structures in DES’s, such as
Glyceline and Ethaline. Previously reported results of ChCl in ethylene glycol mixtures
have shown that shifts in neutron diffraction peaks are modeled by CMD and further
correlated by AIMD.32 The shifts in these neutron diffraction peak positions and
heights can be related to changes in structure by following coordination numbers of the
functional groups in the hydrogen bonded network, employing spatial distribution
functions (SDFs), and showing that the number of chloride ions increases in the first
solvation shell of ethylene glycol in the DES Ethaline.
Dynamic measurements of Glyceline have shown that on the sub-nanometer scale,
the diffusion of choline occurs faster than that of glycerol, which is contrary to the
translational diffusion that is measured on macroscopic scales.30 The faster localized
diffusive motions of choline, where the long-range diffusion is inhibited, are potentially
due to glycerol being spatially constrained by its interactions with chloride.29,30
In this work, we combine neutron diffraction measurements and classical molecular
dynamics to monitor the change in structure in mixtures of choline chloride and
glycerol (ChCl:Gly) as a function of ChCl loading up to the reported eutectic point of
Glyceline (33%ChCl:glycerol). These data provide insight into the change in assembly
and structure of the glycerol hydrogen bonding network as the eutectic is approached.
Combining neutron diffraction and CMD results provides detailed insight into how the
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interactions develop between the choline anion, chloride cation and glycerol hydrogen
bond network in the formation of the deep eutectic solvent, Glyceline.
Experimental methods

Solvent Preparation and Measurements
The total neutron scattering of mixtures of choline chloride and glycerol with varying
compositions of choline chloride were measured using d-choline chloride (trimethyl-d9,
98%) and d-glycerol (d8, 99%). Both deuterated components were purchased from
Chemical Isotopes Laboratory. A representation of the molecules in the mixtures are
shown in Figure IV.1, where individual atoms are labeled. These labels will be used in the
analysis of data to elucidate the presence or absence of specific pairwise interactions.
Glycerol was fully deuterated whereas choline was deuterated only at the methyl groups on
the nitrogen ion. The glycerol/choline chloride mixtures were prepared in a glove box with
≤ 0.2ppm O2, where choline chloride was heated at 378 K for 2 hours. The glycerol was
heated to 353 K and choline chloride was added at molar ratios of 0:1 (0%ChCl), 1:2 (33%
ChCl), 1:6 (18% ChCl), 1:9 (10% ChCl), and 1:19 (5% ChCl) choline chloride to glycerol.
After a 1-hour solvation period, solutions were cooled to room temperature, then sealed in
3 mm diameter quartz capillaries with a height of at least 1.5 cm for the scattering
experiment.
The total neutron scattering measurements were performed at the Nanoscale Ordered
Materials Diffractometer at the Spallation Neutron Source at Oak Ridge National
Laboratory over a diffraction range of Q = 0.1 A-1 up to Q = 30 A-1, where the Q, the transfer
of momentum of a scattered neutron, is defined by 𝑄 =

4𝜋 sin(𝜃)
𝜆

. Here θ
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Figure IV.1 – Representation of molecules used in ChCl:glycerol studies. Atoms and
groups are labeled for RDF and coordination number analysis. All hydrogens (H) in
glycerol and on hydrogens on methylene groups (HA) in choline are deuterated for
neutron diffraction.
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is the scattering angle and λ is the wavelength of the scattered neutrons.34 The total
scattering curve is measured in 30-minute intervals, where multiple sets of the same
composition were summed together prior to reduction to improve statistics. The structure
factor, S(Q) =

Icoh −Ipoly
Ipoly

+ 1, of the samples were obtained by reducing the raw scattering

data using ADvanced DIffraction Environment (ADDIE) by normalizing the coherent
scattering, Icoh, to polymorphic standard scattering data, Ipoly. Coherent scattering was
obtained by subtracting quartz capillary background scattering from the total sample
scattering and normalizing to scattering from vanadium.34,35

Molecular Dynamics
Fully atomistic equilibrium molecular dynamics simulations were performed with the
LAMMPS package with the inter- and intra-molecular interactions described by the general
AMBER force field (GAFF).36,37 Initial molecular configurations of glycerol and choline
molecules were optimized via Gaussian 09 using a B3LYP/aug-cc-pvdz basis set and
Lennard-Jones (LJ) sigma and epsilon values for atoms were adapted from a study by
Perkins et al. 38,39 Atomic partial charges were adapted from the same study but with a
change in overall choline and chloride net charges from the study’s 0.9 e to this study’s 0.7
e in order to more correctly match eutectic mixture behavior as a function of choline
chloride content. 38,39 Glycerol partial atomic charges were unmodified from the
referenced paper.38,39 Related studies from a collaborating group showed that Perkins et

al.’s force field worked well at 33 mol% ChCl, but it did not correctly replicate mixture
dynamics trends at lower concentrations of choline chloride, necessitating the more
aggressive charge scaling to 0.7 e. For all LAMMPS simulations, a 1 fs timestep, velocity
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Verlet integrator, all periodic boundary conditions, 12 Å cutoff for both LJ and
Coulombic interactions with tail corrections, and a particle-particle particle-mesh long
range solver were used.
Simulation boxes were filled a specific number of glycerol and choline chloride
molecules to achieve the desired ChCl mol% in glycerol, the details of which are in Table
IV.1. Initial conformations were loosely and randomly packed into a cube with
Packmol.40,41 All simulations were run at 300K. The systems were first equilibrated for
2 ns with an isothermal isobaric (NPT) ensemble at one atmosphere ensuring that the
last 1 ns achieved a converged density and total energy. The average box dimensions of
the last 1 ns were used to initialize a canonical (NVT) ensemble production runs of 20
ns for all systems except for pure glycerol, which needed 40 ns to reach the diffusive
regime and ensure adequate conformational sampling for structural analysis. A NoséHoover-chain thermostat and Nosé-Hoover-chain barostat with a chain length of 3 and
time constant of 100 fs were used for all applicable simulations.
Molecular dynamic simulations and probabilities of coordination numbers were
performed and provided by Derrick Poe of Dr. Maginn’s group at the University of Notre
Dame. Preparation of mixtures, neutron scattering, and lead of data analysis were
performed by Luke Heroux of Dr. Dadmun’s group at the University of Tennessee.
Results

Structure Factors
Wide angle neutron diffraction (ND) curves of 0%, 5%, 10%, 18%, and 33% mixtures of
choline chloride (ChCl) in glycerol were measured. The raw data were reduced to obtain
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Table IV.1 - Composition of molecular dynamics simulation boxes

ChCl mol%

Number of Glycerol

Number of ChCl

Number of Total
Atoms

0
5
10
18
33

715
665
612
533
400

0
35
68
117
200

10010
10080
10064
10036
10000
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the structure factor S(Q) of each sample as a function of Q over a Q-range of 0.5Å-1 to 32 Å-1
as shown in Figure IV.2. Figure IV.2 shows the change in scattering intensity and peak
position as the composition of the ChCl/glycerol mixture changes. However, the scattering
intensity above Q = 10 Å-1 is low and varies little with Q, and therefore are not included in
the further analysis. Therefore, the S(Q) over a range from 0.5 Å-1 to 10 Å-1 is the focus of
the analysis and is shown in Figure IV.3A. The overall trends observed in the structure
factor with increasing ChCl loading can be interpreted to provide insight into how the
structure of the mixture and hydrogen bonding network of the glycerol emerges with
addition of ChCl. The position of peaks in the experimentally determined S(Q) can be
related to the density distribution function of the sample through Fourier transformation,
and thus can be interpreted to quantify the average distances between two atoms or
functional groups. The intensity of diffraction peaks in S(Q) are proportional to the number
of interactions between the atoms or functional groups. An inverse Fourier transform can
be performed on measured S(Q) data to provide a real-space representation of structure
through radial distribution functions (RDF’s) represented by g(r) plots. The RDF describes
the isotopic positioning of molecules within the system. Alternatively, the radial
distribution function of the system can be calculated using CMD simulations. For instance,
Figure IV.4 shows the g(r) of two hydroxyl groups in glycerol as determined by CMD. The
simulated neutron scattering structure factor, S(Q)sim, of this assembly can then be
determined by taking its Fourier transform as shown in Equation 4.1.

𝑆(𝑄)

𝑠𝑖𝑚

=

𝜌0 𝛴𝑖 𝛴𝑗 𝑥𝑖 𝑥𝑗 𝑓𝑖 𝑓𝑗 ∫

𝐿⁄
2

0

4𝜋𝑟 2 (𝑔𝑖𝑗 (𝑟)−1)
[𝛴𝑖 𝑥𝑖 𝑓𝑖 ]2

𝑠𝑖𝑛(𝑞𝑟)
𝑊(𝑟)𝑑𝑟
𝑞𝑟

Equation 4.1

118

Figure IV.2 – Structure factor plot of total scattering from neutron diffraction (dots)
on compositions of 0% (red), 5% Orange, 10% (green), 18% blue, and 33% (black)
ChCl:glycerol over the range of Q= 0 Å-1 to 32Å-1.
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Figure IV.3 – S(Q) plots for wide-angle neutron diffraction a) compared to classical
molecular dynamic simulations over a range of 0-10Å-1, b) glycerol-glycerol
interactions, c) glycerol-choline interactions, d) choline-choline interactions.
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Figure IV.4 – Example of partial Radial Distribution Functions of hydrogen bond
locations, as glycerol-glycerol. Dotted line indicates solvation shell location used
for coordination number analysis.
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where 𝜌0 is the total count density, 𝑥𝑖 and 𝑥𝑗 are the mole fractions of atoms 𝑖 and 𝑗, f is the
neutron scattering length for atoms i and j, L is the simulation box length, 𝑔𝑖𝑗 (𝑟) is the
radial distribution function between atoms 𝑖 and 𝑗, and 𝑊(𝑟) = 𝑠𝑖 𝑛(2𝜋𝑟/𝐿) /(2𝜋𝑟/𝐿) is a
Lorch window function to account for finite size truncation of the 𝑔𝑖𝑗 (𝑟) at large 𝑟, radius
from a central particle.
This conversion provides an analysis protocol that provides the structure factor of
the assemblies that emerge from classical molecular dynamics simulation that can be
directly compared to the measured neutron diffraction, where S(Q)sim=S(Q).
Therefore, the comparison of the S(Q)sim from the CMD calculation to the collected
neutron diffraction S(Q) offers detailed insight into the structure and assembly of the
hydrogen bond network that exists in the ChCl/glycerol mixtures.
Figure IV.3 shows a plot of the structure factor, S(Q), of the ChCl/glycerol mixtures
as determined by both neutron diffraction (points) and classical molecular dynamics
(lines), over a Q-range of 0.5 Å-1 to 10 Å-1. The overall trends between the ND and the
CMD are consistent, especially in the 0% ChCl data set. These data show that there are 3
Q-ranges that exhibit significant changes in the structure of the glycerol hydrogen bond
network with the addition of ChCl. The lowest Q-range of interest is from Q = 1.4 Å-1 to
2 Å-1. The peak in this region corresponds mostly to glycerol-glycerol interactions,
given that the peak at 1.4Å-1 is present in the pure glycerol sample, i.e., 0% ChCl. In
both the ND and CMD data, this peak decreases in intensity and shifts to lower Q, albeit
slightly more in the neutron diffraction data than the CMD simulations, with increased
ChCl in the system. This demonstrates the accuracy of the CMD simulations to model
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the glycerol-glycerol interactions in the systems measured by neutron diffraction. The
decrease in intensity demonstrates that the average amount of inter-molecular
interactions between glycerol molecules decreases with increased addition of ChCl, while
the shift to lower Q indicates that these molecules are moving further apart as well.
The next Q-range of interest is from Q = 2.2 Å-1 to 3.8 Å-1. The intensity of the peak at
2.8 Å-1 decreases in both the ND and CMD results with addition of ChCl to the mixture. Both
data sets also shift of this peak to lower Q to around Q = 2.2 Å-1 for the 33% ChCl sample.
However, there is second peak that forms at 3.4 Å-1 with addition of the ChCl to the system
in the CMD data that appears as a shoulder to the dominant peak in the neutron diffraction
data. The decrease in the intensity of the peak at 2.2 Å-1 to 2.8 Å-1 can be correlated to the
weakening of intermolecular interactions between and separation of glycerol molecules
but may also correlate to the formation of new intermolecular interactions as ChCl is added
to the system. The formation of the peak at 3.4 Å-1 can almost solely be attributed to the
formation of intermolecular interactions that include the ChCl, and therefore increase with
the addition of ChCl to the system.
Focusing on the higher Q-range , there is a formation of a valley at 4.5 Å-1 and a broad
peak at Q = 5.5 Å-1 to 8.3 Å-1. The intensity measured by ND here shows a consistent
decrease in intensity at both locations with almost no scattering measured at 33% ChCl
from the interactions formed in the peak. However, the CMD data provides an opposite
trend, where the addition of ChCl to the system increases the intensity of both this valley
and this peak over the whole range. Neither ND nor CMD demonstrate a shift in this peak.
The CMD simulation of the 0% ChCl does match the neutron diffraction of pure glycerol
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over this range of Q. Therefore, the discrepancies that are seen in higher concentrations
of ChCl require validation.
To provide further insight into the specific pair interactions that contribute to each
peak in the structure factors, partial S(Q) were determined by taking the Fourier
transform of partial radial distribution functions (pRDF’s) of specific pairs of molecules.
For instance, Figure IV.4 shows the pRDF of the interactions of two -OH groups on
neighboring glycerol molecules. Figures IV.3b through IV.3d show the particle structure
factors of glycerol-glycerol interactions (g-g), glycerol-choline interactions (g-c), and
choline-choline interactions (c-c), respectively. The g-g S(Q), Figure IV.3b, displays the
peak at Q = 1.25 Å-1 that follows the ND and CMD data, exhibiting a decrease in
intensity and shift to lower Q with an increase of ChCl to the system. Additionally, the
intensity of the peak at 2.8 Å-1 decreases in intensity with addition of ChCl as is
observed in the ND and CMD results. However, this peak does not shift to lower Q, nor
is there a peak at 3.4 Å-1 with the addition of ChCl. Thus, these changes in the ND and
CMD results must also be influenced by other interactions beyond glycerol-glycerol.
Finally, the scattering intensity from 4 Å-1 to 8 Å-1 decreases in Figure IV.3b with
addition of ChCl to the mixture, closely matching the trends found in ND data.
The partial structure factor that accounts for interactions between glycerol and
choline (g-c interactions), which are presented in Figure IV.3c, show an increase in
intensity in peaks that form at 1.4 Å-1, accompanied by a shift to lower Q with an
increase in ChCl in the system. This can be associated with the peaks, but with a smaller
shift in the CMD than the ND at this position observed in total S(Q). Additionally, in
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Figure IV.3c, increasing the ChCl concentration increases the absolute intensity of the peaks
at 2.4 Å-1 and 3.4 Å-1, as well as the valley at 2.8 Å-1. These changes correlate to the shift in
Q of the peak from 2.5 Å-1 to 2.2 Å-1 in the ND data accounting for changes in the scattering
that are not observed in the g-g correlations (Figure IV.3b). The variation in the S(Q) at 3.4
Å-1 also corresponds to the formation of the shoulder in the ND data and the peak in the
CMD results at 3.4 Å-1.
Finally, the contribution of choline-choline interactions to the measured structure
factor can be elucidated by examining the partial S(Q) for the c-c interaction, Figure IV.3d.
In this data, there is a large peak at 3.5 Å-1 that clearly contributes to the peak and
shoulder in the CMD and ND data in this Q region. At larger Q, the valley in S(Q) at 4.5 Å-1
to 5 Å-1 and the broad-shouldered peak at Q ~ 5.5 Å-1 to 8 Å-1 both increase in intensity
with an increase in ChCl. Therefore, the c-c interactions contribute to the observed
differences in the ND and CMD data in this Q regime.

Coordination Numbers
Analysis of the pRDF’s of specific pair interactions allows the determination of
probability of interactions between functional group pairs in the ChCl:glycerol mixtures.
The extent of these interactions can be quantified by defining a coordination number of a
specific pair of functional groups as the number of these pairwise interactions that can
occur within the first solvation shell. The first solvation shell is defined by the minima in
the RDF immediately following the first maxima, denoted as a vertical dotted line on the
OH-HO pRDF plot in Figure IV.4. Insight into the assembly of the glycerol and choline
molecules can be characterized by plotting the probability that a given functional group is
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coordinated with n other functional groups as a function of n, as is presented in Figure
IV.5 for specific functional group pairs for varying choline chloride:glycerol mixture
compositions. Glycerol-glycerol interactions are monitored in the first plot, Figure
IV.5a, which examines the coordination of glycerol hydroxyl groups with other glycerol
hydroxyl groups as the OH-HO pair. This plot shows a decrease in probability that the
OH groups are coordinated to 1 (CN1) or 2 (CN2) OH groups from other glycerol
molecules in the first solvation shell as more ChCl is added to the mixture. At the same
time, the probability that the central glycerol hydroxyl groups do not coordinate with
intermolecular OH groups (CN0) increases from 21% to 48%, with the addition of
choline chloride. This plot also shows that the probability that 3 (or more) OH groups
are coordinated to the central glycerol hydroxyl group is zero, indicating that no more
than 3 glycerol molecules are coordinated in these mixtures and in pure glycerol.
Figure IV.5b, which monitors the probability of the hydroxyl groups on choline
molecules (OY-HY) coordinating with each other as the choline loading increases. At
5% ChCl loading, there is a 78% chance that there are no Oy-Hy interactions (CN0) and
only a 20% chance that they are coordinated as discrete pairs (CN1). As the loading of
ChCl increases to 33%, the probability that a choline OH is not coordinated to another
choline OH drops to 16%, while the probability that it coordinates with one other
choline molecule (CN1) increases to 35%. At the same time, the probability that two
(CN2), three (CN3), or four (CN4) of their neighboring molecules are also choline
increase to 30%, 15%, and 4%, respectively. This plot therefore quantifies the extent of
interactions between choline molecules as more ChCl is added to the mixture.
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a

b

c

Figure IV.5 –Probabilities of hydrogen bond interactions forming as a function of
coordination number for varying mixture compositions, a) glycerol-glycerol as OHHO bonds, b) choline-choline as Oy-Hy bonds, and c) choline-glycerol as Oy-HO
bonds.
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Figure IV.5c, presents the probability of forming glycerol-choline interactions
between their hydroxyl groups (Oy-HO). At 5% ChCl:glycerol, the coordination with the
highest probability (22%) has three glycerol molecules coordinating with the central
choline. As more ChCl is added to the system, this optimum coordination number shifts
to fewer groups interacting, where for 33% ChCl:glycerol system, the most common
assembly has each choline only coordinated to one glycerol (CN1). Additionally, as the
ChCl loading increases, the probability of the assembly with the most probable CN
increases from 22% to 30%. This indicates that the choline is more likely to form
interactions with fewer glycerol molecules as more choline is added to the system,
suggesting that the choline hydroxyl group is not driving the disruption of the glycerol
hydrogen bonding network.

Spatial Distribution Functions
The coordination of the glycerol, choline, and chloride vary significantly as the
amount of ChCl in the mixture increases. To visualize these changes, spatial
distribution functions (SDF’s) were created to illustrate how these interactions
assemble in 3 dimensions. Figure IV.6 shows the SDF around a choline molecule as a
three-dimensional density distribution map. The illustration shows the distribution of a
neighboring molecule (glycerol, choline, or chloride) around the central molecule. In
Figure IV.6, as the amount of choline chloride increases, the sites of interaction between
the choline and the neighboring molecules do not shift in position, but the amount of
interaction changes. As more ChCl is added to the system, the amount of area occupied
by choline (red) increases, corresponding to more available choline. The most
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Figure IV.6 – Choline centric spatial distribution functions. Choline-red, chloridegreen, and glycerol-blue.
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significant changes in these distributions with addition of choline to the system are at the
sites marked A, B, and C. At all of these locations, the amount of chloride (green) present
decreases as more ChCl is added to the system. At sites B and C, the amount of glycerol
(blue) also noticeably diminishes. These changes indicate that the chloride and glycerol
are interacting less with the choline and choline-choline interactions are more likely than
choline-glycerol or choline-chloride.
Figure IV.7 presents the SDF’s of the first solvation shell of a central glycerol
molecule with varying choline chloride compositions. As in Figure IV.6, locations of the
interacting molecules with the central glycerol molecule do not change as the ChCl
concentration increases from 5% to 33%. The SDF’s do show however that chloride
occupies the volume near the glycerol methylene groups (Hg) in the central glycerol
molecule. Figure IV.7 demonstrates that the chloride occupies the volume closest to the
central glycerol molecule and tends to be sandwiched between two glycerol molecules,
interrupting their hydrogen bonding network.

Network Formation Probabilities
We are interested in understanding the change in assembly and structure of the
hydrogen bonding networks that exist in the ChCl/glycerol mixtures as a function of the
mixture composition. Thus, understanding the connectivity of the molecules becomes
important. Therefore, the probabilities of a coordination number occurring for specific
functional group pairs as a function of ChCl compositions were calculated and plotted in
Figure IV.8. In Figure IV.8a, the change in the probability of coordination of a glycerol
hydroxyl group (OH) with the glycerol methylene group (Hg) decreases with increased
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Figure IV.7 – Glycerol centric spatial distribution functions. Choline-red, chloridegreen, and glycerol-blue.
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Figure IV.8 –Probabilities of coordination numbers existing at specific mixture
compositions for specific functional group pairs a)glycerol hydroxyl-glycerol
methylene groups, b) glycerol hydroxyl-glycerol hydroxyl groups, and c) glycerol
hydroxyl-choline hydroxyl groups.
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ChCl loading. Closer inspection shows that the maximum correlation number is 4 at 5%
ChCl, is 3 at 18% ChCl, and is 2 in the eutectic composition of 33%. Moreover, throughout,
the number of single connections (CN1) or individual (CN0) glycerol molecules increases
as the percentage of ChCl increases. At 33% ChCl:glycerol, there is a 23% probability that a
glycerol is only connected to 2 other glycerol molecules. This clearly shows that the
glycerol hydrogen bonding network is disrupted or loosened as more ChCl is added to the
mixture.
Figure IV.8b displays this same plot for the intermolecular glycerol hydroxyl groups
(OH-HO). In pure glycerol the probability that 2 hydroxyl groups (CN1) are interacting is
62% and the probability that 3 groups (CN2) interact is 12%, while having a solitary
glycerol hydroxyl (CN0) is 22%. These probabilities steadily change with the addition of
ChCl to the mixture. The probability of CN0 increases to 49%, while both CN1 and CN2
decrease to 45% and 6%, respectively. This is another clear indication that fewer glycerol
molecules are interacting and forming hydrogen bonds. The final plot that illustrates how
the glycerol hydroxyl is interacting with neighboring molecules, Figure IV.8c, shows that
the glycerol hydroxyl group (OH) and the choline hydroxyl group (Hy) interaction is only
dependent on the composition of the mixture, where the singly coordinations (CN1) and
the non-coordinations (CN0) scale linearly with the amount of choline chloride in the
mixture.
Figure IV.9a elucidates how the choline hydroxyl groups (Oy) interact with other
choline hydroxyl groups (Hy) and shows increased interactions between these groups with
added choline chloride. Over this concentration range, the number of molecules

133

Figure IV.9–Probabilities of coordination numbers existing as a function of mixture
composition for a)choline hydroxyl-choline hydroxyl groups, b)chloride-glycerol
hydroxyl groups, and c)chloride-glycerol methylene groups.
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that are not coordinated with other choline molecules (CN0) steadily decreases with
increased choline chloride from 78% to 17%. At the same time, assemblies with higher
number of molecules coordinating (CN2, CN3, and CN4) steadily increase. Figure IV.10
shows choline centric interactions of choline and glycerol molecules. These figures show
that interactions of the choline chloride hydroxyl groups (Oy) with both the glycerol
methylene groups (Hg), Figure IV.10a, and hydroxyl (HO), Figure IV.10b, decrease as more
choline chloride is added to the system. The presence of more interactions at 5% ChCl
(19% CN5 for Oy-Hg and 23% CN3 for Oy-HO) can be attributed to the small amount of
choline in the mixture that is surrounded with glycerol. However, as more ChCl is added to
the system these interactions shift to primarily small amounts of single (CN1) and double
(CN2) coordinated groups. Since both glycerol and choline have hydroxyl groups that are
available to form hydrogen bonds, these interactions could increase with more choline
added to the system if the choline was interrupting the glycerol hydrogen bonded network.
The coordination of chloride (Cl) and the glycerol hydroxyl group (HO) are monitored
in Figure IV.9b. As the amount of ChCl in the mixture increases, more assemblies with
fewer coordinations between the Cl and the glycerol hydroxyl form. This indicates, that
while the addition of Cl forms more connections with the glycerol, these connections
remain between one or two glycerol molecules, but higher connectivity is not formed.
Meanwhile, the chloride and glycerol methylene groups (Hg) have formed a large assembly
of interactions, Figure IV.9c, which is consistent with the SDF in Figure IV.7. Examination
of this figure shows that the number of coordinated groups is always seven or greater, with
a peak of ten coordinated groups
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Figure IV.10 –Probabilities of coordination numbers existing as a function of
mixture composition for a)choline hydroxyl-glycerol hydroxyl groups, b) choline
hydroxyl-glycerol methylene groups, and c)chloride- choline hydroxyl groups.
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(CN10) at 18% ChCl and greater than 10% probability of six, seven, and eight coordinated
groups at 33% ChCl. This suggests that the chloride is highly coordinated with the glycerol
methylene groups. Finally, the interactions of the chloride atoms with the choline hydroxyl
groups (Hy) are shown in Figure IV.10c. Here the number of pairwise interactions (CN1)
scale with the amount of ChCl in the system, suggesting limited interactions between these
groups are forming. The probability of no interactions between Cl and Hy decreases
slightly from 90% at 5% ChCl to 60% at 33% ChCl but remains the most likely scenario.
This suggests that the chloride and choline separate in these mixtures allowing the chloride
to be available to coordinate with the glycerol while the choline becomes available to
coordinate with other choline molecules.
Discussion
Wide angle neutron scattering data and the CMD results show a strong agreement in the
behavior of the measured mixtures of ChCl:glycerol. The computationally determined
peaks formed by the g-g interactions agree with the diffraction data. However,
computationally determined peaks that emerge from g-c interactions are less apparent in
the neutron data, while interactions between c-c are less well observed. This becomes
apparent as partial S(Q) were computationally determined and show that the largest
deviations between the diffraction data and the CMD simulations were dominated by
interactions between choline-choline.
While the d8-glycerol used is fully deuterated, meaning all the hydrogen has been
replaced with deuterium, the d9-choline has only the aliphatic methyl groups deuterated.
Therefore, potential hydrogen bonding groups of the glycerol are all deuterated, while the
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potential hydrogen bonding groups of choline are the protonated hydroxyl groups. This
leads to the experimental result where the correlations between deuterated glycerol
hydroxyl and deuterated glycerol hydroxyl contribute more significantly in neutron
diffraction than the protonated-deuterated or protonated-protonated correlations of
choline hydroxyl-glycerol hydroxyl and choline hydroxyl-choline hydroxyl, respectively.
Allowing for this deviation, the CMD simulations present a reasonable model of the
structure of the mixtures of ChCl/glycerol and their neutron diffraction data.
The position shifts and intensity changes of the peaks in the S(Q) indicate that the
addition of ChCl to glycerol decreases the glycerol-glycerol peaks and increases the
peaks that track interactions between choline-choline and glycerol-chloride. These
peak changes are a result of the structure of the changing glycerol hydrogen bond
network. Careful analysis of the population of the coordination shells of the mixture
components shows that the chloride plays an important role in disrupting the glycerol
hydrogen bonds. Focusing on the coordination shell of the choline hydroxyl shows
increasing coordination between neighboring choline hydroxyl groups, suggesting that
the cholines tend to form small clusters rather than participate in the glycerol hydrogen
bonding network.
The evolution of the glycerol hydrogen bonding network with the addition of more
choline chloride indicates that the chloride ions assemble near the glycerol methylene
groups and form pair-wise interactions with the glycerol hydroxyl groups. Monitoring
the structure of the interactions of the glycerol hydroxyl groups with other glycerol
hydroxyl groups indicates that, as ChCl is added to the mixture, the probability of a
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forming multiple coordinations between glycerol molecules decreases accompanied by an
increase of non-interacting glycerol hydroxyl groups (CN0), which increases from 22% to
50%. This is consistent with the loss of glycerol-glycerol hydrogen bonds and a loosening
of the hydrogen bonding network.
This interpretation is supported by the distribution of the glycerol, choline, and chloride
that is observed in the SDF’s, Figures IV.6 and IV.7. In these figures, the proximity of the Cl
and glycerol to the choline decreases as more ChCl is added to the system, driving an
assembly where the choline molecules tend to hydrogen bond with other choline
molecules. This assembly of the choline molecules combined with the fact that the Cl
aggregates near the glycerol in these SDF’s, suggests that the chloride is available to
interact with glycerol molecules and disrupts the glycerol hydrogen bond network. This is
evidenced by a decrease in glycerol-glycerol interactions with the addition of ChCl to the
system but with few interactions between the glycerol hydroxyl groups and chloride,
suggesting that the chloride doesn’t completely interrupt the glycerol-glycerol interactions.
The data also show that the chloride tends to aggregate near glycerol methylene groups
and remain well coordinated in all the mixture compositions.
The number of interactions between functional groups provides insight into the success
of hydrogen bond network formation, where multiple coordinations (> 3) can serve as a
node in a network, while 2 coordination can serve as a linear connection, and pairwise or
no coordinations results in domains that are isolated from a network. Examination of
Figures IV.8 shows that the probability of a glycerol hydroxyl interacting with another
glycerol hydroxyl steadily decreases as choline chloride are added, showing the significant
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loosening, and potential disrupting of the glycerol hydrogen bonding network at the
33% ChCl mixture. The dominance of pairwise interaction (CN1) in the glycerolglycerol interactions indicates the limited connectivity of the hydrogen bonding
network as the amount of choline chloride increases in the mixture. in the deep eutectic
solvent, Glyceline. Finally, at the 33% ChCl mixture, an isolated glycerol hydroxyl (CN0)
is the most common structure with a 49% probability, suggested significant
interruption in the glycerol hydrogen bonded network at the formation of the deep
eutectic solvent, 33% ChCl. The formation of chloride-glycerol hydroxyl intermolecular
interactions are also apparent in Figure IV.9b, an indication that a chloride contributes
to breaking up the hydrogen bonding network of the glycerol.
It is interesting that the chloride ion plays an important role in disrupting the
glycerol hydrogen bonded network in the formation of the deep eutectic solvent, while
the choline is not. This would imply that the choice of counter anion will play an
important role in the formation of a deep eutectic solvent. This leads to the prediction
that the formation of deep eutectic solvents with glycerol and choline bromide, glycerol
and choline fluoride, or glycerol with choline iodide would exhibit significantly different
phase behavior than Glyceline and may not form a deep eutectic solvent at all.
Preliminary results by collaborators show that the choice of anion can dramatically
impact the phase behavior of deep eutectic solvents.
Conclusions
The structure of the ChCl:glycerol mixture has been monitored for changes as the
amount of choline chloride increases up to the established eutectic point of Glyceline at
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33% ChCl:glycerol. Structural information from CMD simulations and neutron diffraction
of the choline chloride: glycerol mixtures with varying compositions offer insight into the
specific local interactions that emerge as ChCl is added to the system. Evolutions in
neutron diffraction structure factors are observed for deuterated components, especially
d8-glycerol interactions, whereas CMD demonstrates that the changes between nondeuterated hydroxyl groups in d9-choline are still accounted for in the structural analysis.
These results show that as ChCl is added to glycerol, the chloride ions assemble with the
glycerol, while the choline molecules do not significantly participate in the glycerol
hydrogen bonding network. The assembly of the chloride ions near the glycerol loosens the
interactions between glycerol molecules, thereby disrupting the glycerol hydrogen bond
network. The limited role of choline molecules in disrupting the glycerol hydrogen bond
network is somewhat surprising as both choline and glycerol have hydroxyl groups that are
available for hydrogen bonding. Rather the choline appears to segregate from both the
glycerol and chloride forming hydrogen bonds in small pockets with other choline groups
as ChCl is added to the glycerol. This results in the availability of the chloride to interact
with the glycerol.
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Abstract
The effect of atomic vibration on the first eight orders of dynamical Bragg reflection
from 𝑆𝑖(220) triple-bounce crystals at ambient temperature has been studied
theoretically and experimentally. The Bragg-peak reflectivity at a given order is
considered in our theoretical model as a product of the Darwin plateau width and the
reflectivity at exact Bragg angle. The results of modeling calculations are probed at the
world’s first multi-wavelength double crystal diffractometer launched at the pulsed
Spallation Neutron Source (SNS). The pulsed structure of neutron beam at SNS allows
implementation of the time-of-flight technique in dynamical diffraction experiments
offering an opportunity of conducting spectroscopic tests, in addition to conventional
rocking curve measurements. The results of this research show strong effects of the
atomic vibration at the high orders of Bragg reflection from 𝑆𝑖(220), decreasing the
Darwin plateau width by a factor of ~ 6 and the Bragg-peak reflectivity by a factor of ~
5 at the eighth order. The effect on the Darwin plateau is valuable from a practical point
of view because of the significant angular resolution increase, which can be controlled
not only by changing the order of Bragg reflection but also by variation of temperature.
Therefore, the results of this startup research can lead to the development of a new
class of temperature-controlled X-ray and neutron optical devices utilizing single
crystals, the angular resolution of which can be improved by heating.
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Introduction
In spite of the fact that dynamical diffraction can be experimentally observed only on
large, nearly perfect Si and Ge crystals, this technique found an important application in
neutron interferometry1 and ultra-small-angle neutron scattering (USANS).2 The BonseHart USANS instrument extends the 𝑄-range of a conventional high-resolution small-angle
neutron scattering (SANS) machine to smaller 𝑄 ′ 𝑠 by two orders of magnitude offering an
opportunity to observe micron-size structural inhomogeneities. Here 𝑄 =

4𝜋𝜃
𝜆

is the length

of the scattering vector, 𝜃 is the diffraction angle where 𝜃 ≈ 𝑠𝑖𝑛(𝜃), and 𝜆 is the
wavelength. The combined USANS/SANS technique launches studies of hierarchical
structures common in materials, Earth, energy and environmental sciences.3 Nowadays,
Bonse-Hart USANS instruments are routinely available at major neutron scattering
facilities worldwide and the International Consortium on USANS coordinates progress in
this scientific field.4 Growing interest in the Bonse-Hart USANS technique has stimulated
further developments and an advanced multi-wavelength (MW-USANS) instrument has
recently been constructed at the Spallation Neutron Source, USA. Further theoretical
studies of the multi-wavelength concept and preliminary tests of the MW-USANS apparatus
reveal an interesting anomalous effect of atomic vibration on the high orders of Bragg
reflection. 5 According to calculations based on classical dynamical diffraction theories,
thermal vibration of the crystallographic lattice increases the instrument’s angular
resolution. It is remarkable, because the atomic vibration decreases the Bragg-peak
reflectivity of crystals operating in the kinematic regime which is a parasitic effect. This
study is focused on the effect of atomic vibration at ambient temperature on the dynamical
Bragg diffraction from 𝑆𝑖(220) crystals.
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Theoretical Background
The dynamical Bragg diffraction is usually described in terms of the Darwin and
Ewald reflectivity functions Equations 5.1, 5.2, and 5.3, which are identical for |𝑦| ≤ 1
but differ in the range of wings |𝑦| > 1
𝑅(𝑦)𝐷,𝐸 = 1, |𝑦| ≤ 1

Equation 5.1

𝑅(𝑦)𝐷 = [|𝑦| − (𝑦 2 − 1)0.5 ]2 , |𝑦| > 1

Equation 5.2

𝑅(𝑦)𝐸 = 1 − (1 − 𝑦 −2 )0.5 , |𝑦| > 1

Equation 5.3

Here 𝑦 =

|𝜃−𝜃𝐵 |
𝛿𝜃

is the reduced angular parameter and 𝛿𝜃 is the half-width of the

Darwin Plateau (DP). Equation 5.1 corresponds to the Darwin-Ewald range and
Equations 5.2 and 5.3 describe Darwin and Ewald solution of the wings range
correspondingly. The full DP width is defined as Equation 5.4, where, 𝑛 = 1, 2, 3, … is
the order of Bragg reflection, 𝜆𝑛 is the corresponding wavelength, |𝐹(ℎ, 𝑘, 𝑙)| is the
|𝐹(ℎ,𝑘,𝑙)|

2𝛿𝜃𝑛 = 2 [𝜋𝑉

] [𝑏𝑐 exp{−𝑊𝑛 } 𝜆2𝑛 ] = 2𝛿𝜃𝑛∗ 𝑒𝑥𝑝{−𝑊𝑛 }

0 sin(2𝜃𝐵 )

Equation 5.4

magnitude of the geometrical structure factor, 𝑉0 is the unit cell volume, 𝜃𝐵 is the Bragg
angle, 𝑏𝑐 is the bound nuclear coherent scattering length and 𝑒𝑥𝑝{ −𝑊𝑛 } is the DebyeWaller factor (DWF). The exponent 𝑊𝑛 = 𝐵[

𝑠𝑖𝑛𝜃𝐵 2
] ,
𝜆𝑛

where 𝐵 = 8𝜋 2 𝑢2 and 𝑢 is the atomic

root-mean-square displacement perpendicular to the Bragg plane.6 The 2𝛿𝜃𝑛∗ is the DP
width of an “artificial crystal” free of atomic vibrations. Figure V.1 shows the 𝑅(𝑦)𝐸 Ewald
reflectivity function in the range −3 ≤ 𝑦 ≤ 3 and the triple Bragg reflected 𝑅(𝑦)3𝐸 , which is
consistent with the design of 𝑆𝑖(220) triple-bounce crystals under study.
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Figure V.1 - The Ewald functions 𝑅(𝑦)𝐸 (blue squares) and 𝑅(𝑦)3𝐸 (red crosses); the
black solid lines show the Bragg-peak area for 𝑅(𝑦)3𝐸 = 1 and the black dashed lines
that for 𝑅(𝑦)3𝐸 = 0.2. The 2𝛿𝜃8 is the DP width at 𝑛 = 8.
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The Bragg-peak in this theoretical model is defined in Equation 5.5 as a part of
𝑅(𝑦)3𝐸 confined in the range |𝑦| ≤ 1 where the reflectivity 𝑅(𝑦)3𝐸 equals the unity. Here
+1

𝐼(𝑦)𝑝𝑒𝑎𝑘,𝑛 = ∫−1 𝑅(𝑦)3𝐸 𝑑𝑦 = 𝑅(𝜃𝐵 )3𝑛 |2𝛿𝜃𝑛 |.

Equation 5.5

𝑅(𝜃𝐵 )3𝑛 is the Bragg-peak reflectivity at 𝜃𝐵 , which corresponds to 𝑅(0)3𝐸 in the 𝑦-scale. The
rectangular shape of the Ewald function in the range |𝑦| ≤ 1 allows one to consider
𝐼(𝑦)𝑝𝑒𝑎𝑘,𝑛 as a product of the Bragg-peak reflectivity and its 𝜃-resolution 2𝛿𝜃𝑛 , which is
important for the experimental measurements. Table V.1 contains 2𝛿𝜃𝑛 , 2𝛿𝜃𝑛∗ and
𝑒𝑥𝑝{−𝑊𝑛 } calculated for 𝑆𝑖(220) at 𝜃𝐵 = 69.83𝑜 using the following parameters 𝑏𝑐,𝑆𝑖 =
0.415 × 10−4 Å, |𝐹(220)| = 8, 𝑉0 = 160.19 Å3 and 𝐵 = 0.45 ± 0.02 Å2 at 𝑇 = 293𝑜 𝐾.6,7 The
𝜃-resolution gain factor 𝑔𝑛 = 𝛿𝜃𝑛∗ /𝛿𝜃𝑛 , also shown in Table V.1, demonstrates the effect of
the atomic vibrations on 2𝛿𝜃𝑛 , the maximum of which at 𝑛 = 8 is as great as 𝑔8 ≈ 6.7.

Rocking Curve Measurements
The experimental 2𝛿𝜃𝑛,𝑒𝑥𝑝 for 𝑛 = 1 − 4 are obtained from rocking curves
measured at the empty MW-USANS instrument used in the dynamical diffraction study
as a multi-wavelength double-crystal diffractometer (MW-DCD). Figure V.2 shows the
optics scheme of the MW-DCD consisting of the 𝑆𝑖(220) channel-cut triple-bounce
monochromator (M) and analyzer (A) crystals and the detectors. The crystal
goniometers are mounted on a vibration isolated granite table and the instrument room
temperature stability is kept with the accuracy 𝛥𝑇 ≈ ± 0.2 𝑜𝐶 .
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Table V.1 - The effect of the atomic vibrations on 2𝛿𝜃𝑛 , calculated for 𝑆𝑖(220) at 𝜃𝐵 =
69.83𝑜

n

𝜆𝑛 , Å

exp {−𝑊𝑛 },
𝐵 = 0.45 Å2

2𝛿𝜃𝑛∗ ,𝑎𝑟𝑐𝑠𝑒𝑐

2𝛿𝜃𝑛 ,
𝑎𝑟𝑐𝑠𝑒𝑐

𝑔𝑛

1
2
3
4
5
6
7
8

3.6
1.8
1.2
0.9
0.72
0.6
0.514
0.45

0.970
0.885
0.760
0.614
0.466
0.334
0.224
0.142

5.40
1.35
0.60
0.34
0.22
0.15
0.10
0.08

5.24
1.20
0.46
0.21
0.10
0.05
0.024
0.012

1.03
1.13
1.30
1.62
2.20
3.00
4.17
6.67
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Figure V.2 - The optical scheme of the MW-DCD on 𝑆𝑖(220) M and A triple-bounce
crystals with the cadmium shielding (blue lines). BM is the 𝑁 beam monitor and
PSD 1, 2 are the 3𝐻𝑒 position sensitive detectors.
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The Courtois-Mutti 2D-focusing pre-monochromator (PM) on 𝐶𝑢(111) mosaic crystals,
which is not shown in Figure V.2, is a secondary source of neutron radiation for the MWDCD. This optical component set up for the matched Bragg angle 𝜃𝐵,𝑃𝑀 = 59.6o generates
the spectrum of Bragg reflections from the 𝐶𝑢(111) family separated in time-of-flight
(TOF) and focuses the beam at the sample position. The TOF technique is used to select the
order of Bragg reflection 𝑛 and integrate the peak intensity in 𝜆𝑚𝑖𝑛,𝑛 ≤ 𝜆𝑛 ≤ 𝜆𝑚𝑎𝑥,𝑛 . The
peak intensity also is integrated over the illuminated area of the PSD2 (Figure V.2);
therefore, the rocking curve measurements at the MW-DCD are similar to that at the singlewavelength reactor-based DCD. The systematic error of this experiment is estimated
as 𝛥𝛿𝜃𝑛,𝑒𝑥𝑝 /𝛿𝜃𝑛,𝑒𝑥𝑝 ≈ ± 5%.
The rocking curve studies are made by executing (𝜃𝐵 ± 𝜃) scans of the 𝑆𝑖(220) A and
fitting the experimental data by the conventional formula, Equation 5.6. Here 𝐼(𝜔)
𝐼(𝜔) = ∫ 𝑅𝑀 (𝑦)𝑅𝐴 (𝑦 + 𝜔)𝑑𝑦.

Equation 5.6

is the convolution of the monochromator 𝑅𝑀 (𝑦) and the analyzer 𝑅𝐴 (𝑦) reflectivity
|𝜃−𝜃𝐵 |

3
functions 𝑅𝑀 (𝑦) = 𝑅𝐴 (𝑦) = 𝑅𝐸,𝑛
(

𝛿𝜃

). An example of data analysis for 𝑛 = 2, 𝜆2 = 1.8 Å

is shown in Figure V.3 and the numerical 2𝛿𝜃𝑛,𝑒𝑥𝑝 and 𝑔𝑛,𝑒𝑥𝑝 = 𝛿𝜃𝑛∗ /𝛿𝜃𝑛.𝑒𝑥𝑝 for 𝑛 = 1 − 4
are given in Table V.2 along with 2𝛿𝜃𝑛∗ and 2𝛿𝜃,𝑛 .
Comparing 2𝛿𝜃𝑛,𝑒𝑥𝑝 with 2𝛿𝜃𝑛 one can note that the difference 𝜀𝑛 = 2𝛿𝜃𝑛,𝑒𝑥𝑝 − 2𝛿𝜃𝑛 is
nearly identical and 𝜀𝑛 averaged over 𝑛 = 1 − 4 is < 𝜀𝑛 > ≈ 0.055 𝑎𝑟𝑐𝑠𝑒𝑐. This broadening
of 2𝛿𝜃𝑛,𝑒𝑥𝑝 , as has been convincingly established from independent tests of the MW-DCD, is
a parasitic effect caused by drift of the monochromator and analyzer goniometers with

157

Figure V.3 - The experimental (black closed circles) and fitting (red solid line)
rocking curves obtained for 𝑛 = 2.
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Table V.2 - The numerical 2𝛿𝜃𝑛,𝑒𝑥𝑝 and 𝑔𝑛,𝑒𝑥𝑝 = 𝛿𝜃𝑛∗ /𝛿𝜃𝑛.𝑒𝑥𝑝 for 𝑛 = 1 − 4,
associated with 2𝛿𝜃𝑛∗ and 2𝛿𝜃,𝑛 .

n

2𝛿𝜃𝑛∗ ,𝑎𝑟𝑐𝑠𝑒𝑐

2𝛿𝜃𝑛 ,
𝑎𝑟𝑐𝑠𝑒𝑐

2𝛿𝜃𝑛,𝑒𝑥𝑝 ,
𝑎𝑟𝑐𝑠𝑒𝑐

𝑔𝑛,𝑒𝑥𝑝

1
2
3
4

5.40
1.35
0.60
0.34

5.24
1.20
046
0.21

5.30±0.06
1.26±0.06
0.51±0.026
0.25±0.012

1.02±0.05
1.07±0.06
1.18±0.06
1.36±0.05
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respect to each other due to the room temperature fluctuation 𝛥𝑇 ≈ ± 0.2 𝑜𝐶 . The DP
width 2𝛿𝜃5 = 0.1 𝑎𝑟𝑐𝑠𝑒𝑐 becomes comparable with < 𝜀𝑛 > ≈ 0.055 𝑎𝑟𝑐𝑠𝑒𝑐, which makes
impossible the rocking curve measurements in the range 𝑛 = 5 − 8. It is worthy to note
that 2𝛿𝜃𝑛,𝑒𝑥𝑝 − < 𝜀𝑛 > corrected for the parasitic drift are in excellent agreement with
2𝛿𝜃𝑛 calculated for 𝑛 = 1 − 4.

TOF Spectra Measurements
The Bragg-peak reflectivity of the 𝑆𝑖(220) triple-bounce crystal estimated from the
rocking curve study is 0.97 ≤ 𝑅(𝜃𝐵 )3𝑛,𝑒𝑥𝑝 ≤ 0.87 does not change significantly in the
range 𝑛 = 1 − 4. However, it is reasonable to expect the Bragg-peak reflectivity loss
below 𝜆𝑛 = 0.9 Å because the thermal diffuse scattering (TDS) grows with the decrease
of wavelength.8,9 Therefore, the MW-DCD instrument is reconfigured to probe the loss
of 𝑅(𝜃𝐵 )3𝑛,𝑒𝑥𝑝 at 𝑛 = 5 − 8 by comparing the TOF spectra of the 𝑆𝑖(220) M and 𝐶𝑢(111)
PM matched at 𝑛 = 4. In this setup the 𝑆𝑖(220) A is removed from the instrument and
the 𝐶𝑢(111) PM and 𝑆𝑖(220) M are fixed at the exact corresponding Bragg angles.
The𝑆𝑖(220) M and 𝐶𝑢(111) PM spectra are detected by the BM and PSD1 as shown in
Figure V.2; both of the detectors are calibrated, and the experimental data corrected for
the detector efficiency. The TOF measurements are free of mechanical movements and
also cannot be affected by the temperature drift because the full-width half-maximum
of the 𝐶𝑢(111) PM rocking curve is much greater than the 2𝛿𝜃𝑛 of 𝑆𝑖(220) M.
The TOF approach is based on the fact that in 𝜆-space the wavelength resolution 𝛥𝜆𝑛
does not depend on the regime of diffraction because the Bragg rule 𝜆𝑛 = 2𝑑𝑛 𝑠𝑖𝑛𝜃𝐵 is
applicable for the 𝐶𝑢(111) mosaic crystal as well as for the 𝑆𝑖(220) single crystal. The
160

relative 𝜆-resolution can be calculated by the conventional formula

𝛥𝜆𝑛
𝜆𝑛

= 𝑐𝑡𝑔𝜃𝐵 𝛥𝜃, where

the Bragg angle for 𝑆𝑖(220) M is 𝜃𝐵,𝑀 = 69.63𝑜 and for the 𝐶𝑢(111) M 𝜃𝐵,𝑃𝑀 = 59.6𝑜 .
Therefore, the 𝛥𝜆𝑛 for both of the crystals is similar with the accuracy ~ ± 0.1%. This
similarity reflects a fact that the 𝑆𝑖(220) single crystal does not change the 𝜆-resolution
significantly but sets up a strong 𝜃 − 𝜆 correlation instead. The similarity of corresponding
Bragg peaks at the 𝐶𝑢(111) PM and 𝑆𝑖(220) M spectra offers an opportunity to probe
𝑅(𝜃𝐵 )3𝑛,𝑒𝑥𝑝 for 𝑛 = 5 − 8 using the Equation 5.7. Here
𝛿𝜃 𝐼(𝜆 )

𝑅(𝜃𝐵 )3𝑛,𝑒𝑥𝑝 = 𝑅(𝜃𝐵 )34,𝑒𝑥𝑝 [𝛿𝜃 4𝐼(𝜆 𝑛) 𝑀 ].
𝑛

Equation 5.7

𝑛 𝑃𝑀

𝑅(𝜃𝐵 )34,𝑒𝑥𝑝 ≈ 0.87 for 𝑛 = 4 estimated from the rocking curve measurements and 𝐼(𝜆𝑛 )𝑃𝑀
is the Bragg-peak intensity of the Cu(111) PM. Figure V.4 shows spectra of the 𝐶𝑢(111) PM
(red opened circles) and 𝑆𝑖(220) M (black closed circles) matched at 𝜆4 = 0.9 Å. The
𝛿𝜃

Bragg-peak intensity of 𝑆𝑖(220) M 𝐼(𝜆𝑛 )𝑀 for 𝑛 = 4 − 8 normalized as 𝛿𝜃4 𝐼(𝜆𝑛 )𝑀 are
𝑛

shown by blue crossed squares connected by a dashed line. Because 𝐼(𝜆4 )𝑀 = 𝐼(𝜆4 )𝑃𝑀 , the
ratio between

𝛿𝜃4
𝛿𝜃𝑛

𝐼(𝜆𝑛 )𝑀 and 𝐼(𝜆𝑛 )𝑃𝑀 in the range 𝑛 = 5 − 8 gives the 𝑅(𝜃𝐵 )3𝑛,𝑒𝑥𝑝 loss

caused by the TDS with respect to 𝑅(𝜃𝐵 )34,𝑒𝑥𝑝 ≈ 0.87. The numerical values of 𝑅(𝜃𝐵 )3𝑛,𝑒𝑥𝑝
obtained by (5), 2𝛿𝜃𝑛,𝑒𝑥𝑝 and 𝑔𝑛,𝑒𝑥𝑝 for 𝑛 = 5 − 8 are given in Table V.3.
The TDS spreads over ± 5o – 10o in the angular space8,9 with respect to the elastic
dynamical Bragg reflections from 𝑆𝑖(220) M confined in 0.1 – 0.012 𝑎𝑟𝑐𝑠𝑒𝑐 in the range
𝑛 = 5 − 8 (see column 3 in Table V.3). Therefore, the TDS generates a flat background in
the vicinity of 𝑆𝑖(220) M Bragg reflections the intensity of which is several orders of
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Figure V.4 - Spectra of the 𝐶𝑢(111) PM (red open circles) and 𝑆𝑖(220) M (black
closed circles) matched at 𝜆4 = 0.9 Å. The Bragg-peak intensities 𝛿𝜃4 𝐼(𝜆𝑛 )𝑀 /𝛿𝜃𝑛
normalized for 𝑛 = 4 are shown by blue crossed rectangles connected by the dashed
line.
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Table V.3 - The numerical values of 𝑅(𝜃𝐵 )3𝑛,𝑒𝑥𝑝 obtained by (5), 2𝛿𝜃𝑛,𝑒𝑥𝑝 and 𝑔𝑛,𝑒𝑥𝑝 for
𝑛 =5−8

n

𝑅(𝜃𝐵 )3𝑛,𝑒𝑥𝑝 ,
𝑎𝑟𝑐𝑠𝑒𝑐

2𝛿𝜃𝑛,𝑒𝑥𝑝 ,
𝑎𝑟𝑐𝑠𝑒𝑐

5
6
7
8

0.78±0.04
0.66±0.03
0.46±0.02
0.20±0.01

0.1015±0.0005
0.0515±0.0005
0.0261±0.0005
0.0130±0.0005

𝑔𝑛,𝑒𝑥𝑝

2.17
2.91
3.85
6.15
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magnitude lower than the corresponding 𝑅(𝜃𝐵 )3𝑛,𝑒𝑥𝑝 . This background does not change the
shape of the Ewald function 𝑅(𝑦)3𝐸 (Figure V.1) but reduces only the Bragg-peak reflectivity
𝑅(𝜃𝐵 )3𝑛,𝑒𝑥𝑝 . The decrease of 𝑅(𝜃𝐵 )3𝑛,𝑒𝑥𝑝 leads to broadening of 2𝛿𝜃𝑛,𝑒𝑥𝑝 as shown in Figure
V.1 for 𝑛 = 8 as 2𝛿𝜃8 ; the corresponding numerical experimental data including 𝑔𝑛,𝑒𝑥𝑝 are
given in Table V.3. The final result presented in Figure V.5 demonstrates the growth of the
𝜃-resolution gain with the increase of 𝑛 caused by the atomic vibration at ambient
temperature, which reaches the maximum 𝑔8,𝑒𝑥𝑝 ≈ 6 at 𝑛 = 8. However, the atomic
vibration also generates the parasitic TDS which grows with the increase of 𝑛 causing
significant loss of the Bragg-peak reflectivity which at 𝑛 = 8 is 𝑅(𝜃𝐵 )38,𝑒𝑥𝑝 = 0.2.
Summary
These rocking curve measurements demonstrated unique capability of the MWUSANS instrument to span 2𝛿𝜃𝑛,𝑒𝑥𝑝 from 5.3 𝑎𝑟𝑐𝑠𝑒𝑐 to 0.25 𝑎𝑟𝑐𝑠𝑒𝑐 for 𝑛 = 1 − 4
without changing the Bragg angle. The 𝜃-resolution of the MW-USANS instrument at
𝑛 = 4 is 6.2 times higher than that for the reactor-based BT-5 USANS instrument at
NIST10 and 4.2 times greater than the 𝜃-resolution of the USANS instrument
Kookaburra at ANSTO.11 However, in our opinion the most interesting result of this
study, which could possibly find broad application in advanced X-ray and neutron
optical devices, is the significant 𝜃-resolution gain related to the decrease of the bound
coherent scattering amplitude 𝑏𝑐 in the range 𝑛 = 5 − 8 by the atomic vibration at
𝑇 = 293𝑜 𝐾. It is reasonable to emphasize that the amplitude of atomic vibration
depends on temperature and as a result the DWF, 𝑒𝑥𝑝 {−𝑊𝑛 =

2 𝑢(𝑇)2
𝑄𝑛

2

}, can also be

controlled by 𝑇.6, 7 The mean-square atomic displacement 𝑢(𝑇) increases with the
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Figure V.5 - The theoretical 𝑔𝑛 for 𝑛 = 1 − 8 (black dashed line), experimental 𝑔𝑛,𝑒𝑥𝑝
for 𝑛 = 1 − 4 (red squares) and 𝑔𝑛,𝑒𝑥𝑝 for 𝑛 = 5 − 8 (red crossed squares). The
𝑅(𝜃𝐵 )3𝑛,𝑒𝑥𝑝 for 𝑛 = 4 − 8 is given by blue circles connected by the dashed line.
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increase of 𝑇; therefore, heating the monochromators operating in the dynamical Bragg
diffraction regime leads to the 𝜃-resolution gain 𝑔(𝑇)𝑛 at a given 𝑛. This dynamical
diffraction effect is remarkable because it is known that heating of mosaic crystalmonochromators only decreases the Bragg-peak reflectivity without noticeable effects on
𝜃-resolution. However, the parasitic Bragg-peak intensity loss affects these results; Figure
V.5 shows that 𝑅(𝜃𝐵 )3𝑛,𝑒𝑥𝑝 decreases significantly in the range 𝑛 = 5 − 8, which correlates
with the increase of 𝑔(𝑇)𝑛 . Therefore, it would be interesting to conduct further
experiments on single crystal-monochromators with temperature variation leading to the
development of new neutron and X-ray optical components controlled by temperature.
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The advancement of energy research has required a combination of development of
novel materials and application of multiple techniques, such as neutron scattering, to
determine the structure of materials and further enhance energy related capabilities.
Neutron scattering techniques such as small-angle neutron scattering (SANS), ultra-smallangle neutron scattering (USANS), diffraction, and reflectometry have been used to
determine structure and assembly of conjugated polymer Poly(3,4ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) blends, surface induced
layering of Tween-20/1-butanol surfactant in D2O and toluene microemulsions, and
hydrogen bond networks in choline chloride: glycerol mixtures leading to deep eutectic
solvents.

Polymer Blends
PEDOT:PSS is known to form domains when cast as a film onto a surface, that can be
preserved upon annealing of the film. The addition of dimethyl sulfoxide (DMSO) to the
pre-cast solution breaks up the large aggregates formed when blending PEDOT and PSS.
This disruption allows the formation of smaller PSS domains with well aligned PEDOT
fibrils in the presence of only 1wt.% DMSO in the solution with consistent decrease in
domain size up to 5wt.% DMSO. The smaller, well-packed domains increase the surface
area available between the polymers and enable increased conductivity within the polymer
blend film. The morphological changes in PEDOT:PSS are independent of deposition
method as the addition of DMSO to the pre-cast solution changes the domain size and fibril
realignment consistently in both spin-cast and ultra-sonic spray cast films. The consistent
change in the blends demonstrate that by spin-casting a solution into a film, as opposed to
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ultra-sonic spray casting the solution, faster evaporation times trap the PEDOT fibrils
into smaller PSS domains, that can be associated with increased conductivity of the film.

Microemulsions
Bicontinuous microemulsions (BME) form by the assembly of surfactant boundaries
between water and oil sub-phases. Neutron reflectometry indicates that these
microemulsions (ME) of D2O/Tween-20/1-butanol/toluene form layers that resemble
perforated lamellae, or well-defined layers of water a that have channels of the oil
separated by a surfactant boundary, or vice versa, at a surface that varies with the
composition of the ME. These lamellae in ME’s with higher water content often appear
more perforated and are also significantly thicker, while lower water content ME’s form
layers that are purer, tend to be thinner and have larger fluctuations between D2O-rich
and oil-rich solutions. The presence of the thinner layers combined with the purity of
each lamellae creates pathways for charge transfer across the surfactant within the
system as well as between the ME and an electrode.
Electrode surfaces are often amphiphilic platinum or glassy carbon. Measuring the
structure of microemulsions by reflectometry on surfaces that have comparable
amphiphilicity, an oil and surfactant layer is observed at this surface with lamellae
forming between the surface and the bulk material. While hydrophilic surfaces also
form lamellae, the thick D2O-rich layers inhibit the formation of inter-subphase
pathways that will also prevent charge transfer. The increase in number of thinner
layers observed in 30% D2O microemulsions on an amphiphilic surface should allow
increased charge transfer at both the surfactant boundary and the electrode surface.
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Deep Eutectic Solvents
Mixture of choline chloride (ChCl) in glycerol leading up to Glyceline, a deep eutectic
solvent (DES) of 33% ChCl: glycerol, have been analyzed by co-analyzing wide angle
neutron scattering and molecular dynamic simulations. Neutron diffraction combined with
molecular dynamics enables better models of the system to be built, allowing increased
efficiency of scattering experiments. The structural changes observed in diffraction data
match closely with the trends of the molecular dynamics, however, it has been shown that
interactions of deuterated glycerol dominate the scattering data. While the choline and
chloride interactions within the mixtures are less prominent in scattering data they are
defined, and molecular dynamic simulations show the behavior of these molecules to be
important.
Transitions in the structure of the glycerol: glycerol network are observed using fully
deuterated glycerol and partially deuterated choline chloride in the mixtures, where the
data indicate that the chloride anion disrupts the glycerol hydrogen bond network. While
the glycerol: glycerol interactions decrease, there is a substantial increase in choline:
choline interactions suggesting that hydrogen bonds between choline molecules are
forming, freeing the chloride to interact with the glycerol methylene groups and possibly
form hydrogen bonds with the glycerol hydroxyl groups.

Atomic Vibrations
Improving the ability to collect and analyze data is required to advance the
development of energy materials. Increasing efficiencies of ultra-small-angle neutron
scattering (USANS) allows more productive experiments to be performed. The recent
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development of USANS at ORNL has shown that reduction of vibrations in silicon
monochromator and analyzer crystal pairs combined with the ability to measure over
multiple wavelengths improves the θ-resolution of the instrument, allowing a lower Q
region to be measured and improving the signal-to-noise ratio of the instrument. The
combined methods of improvement make USANS a more effective tool for bridging the
gap between traditional nano and micromolecular measurements and macromolecular
measurements.
Future Work
Several other possible improvements to time-of-flight USANS are feasible. Of these
there are mechanical improvements such as increased control of the temperature
between the monochromator and analyzer crystals, improved motor controls, and
further reduction of vibrations within the crystals. Increased control of the
monochromator and analyzer crystals would improve the ability to match the
wavelength spread and improve the θ-resolution of the rocking curves. Combined with
the use of piezo-electric translation motors, the step size of the rotation on the analyzer
crystal could be improved from the existing 0.003 arcseconds by an order of magnitude,
leading to the possibility of measuring rocking curves of wavelength numbers 7 and 8,
0.51 Å and 0.45 Å, respectively. Reduction of the vibrations in the monochromator and
analyzer crystals by further controlling the environment of the instrument with direct
temperature control and housing the crystals in a controlled gas environment would
further reduce the environmental effects on the crystals thereby reducing the noise in
rocking curve measurements, improving the θ-resolution. Better θ-resolution could

172

provide series of improved measurements both of the optical components of USANS and
with materials studied on USANS. By building a repository of data for these measurements,
machine learning could be applied to proposed material studies to select the highest
quality samples, along with methodology to further advance the quality of measurements.
However, further tests that would greatly improve the performance of USANS have yet
to be realized. Having precise temperature control of the crystals may allow the
monochromator to be tuned to match wavelengths with the incident beam and analyzer
crystal. Tuning the monochromator would improve the flux through the sample by
increasing the number of neutrons reflected from the pre-monochromator. Even more so,
precise control of the temperature on the monochromator would allow increased control of
the mean-square atomic displacement, reducing the natural vibrations within the crystal,
and the accuracy of the Debye-Waller factor measurement.

Polymer Blends
Improved instrument capabilities could lead to additional measurements on polymer
blends, like PEDOT:PSS, where lower-Q Guinier plateaus could be measured as well as
extending the data to higher-Q to overlap more with SANS and VSANS measurements. This
would enable faster and more reliable measurements where additional thermoelectric
polymer structures could be analyzed. Exploring how additional additives to the predeposition solution, such as ethylene glycol, may affect the structure could exemplify the
results that the domain changes are occurring in pre-cast solutions as opposed to a result
of the deposition method. Additionally, a thorough examination of how the polymer
domains change with dimethyl sulfoxide (DMSO) and a post-annealing bath of ethylene
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glycol across different casting methods may show how these fibrils and domains
continue to develop. The increased variation in domain size in the ultra-sonic spray
cast films may absorb ethylene glycol more effectively than their spin-cast counterparts,
which would allow the adaptation of the polymer blend as a performing thermoelectric
material and could increase industrial production of organic thermoelectrics.

Microemulsions
The formation of lamellae within a BME at an electrode surface suggests the
structure of the BME has a significant role in the transfer of charges from the ME system
to the electrode. To further determine the role of the ME surface structures with an
electrode, several advanced measurements can be performed. Using different contrasts
such as deuterated toluene with and without D2O, would increase the ability to
determine where the oil in the ME assembles in the layers structure as compared to the
surfactant and the water. Preforming these same reflectometry measurements with a
redox-active agent, ferrocene, would allow static measurements of ME’s as they are
used in cyclic voltammetry measurements, allowing close correlation between the
electrochemical performance and the structure of the ME. Lastly, in-situ electrochemical/surface structure measurements would give an accurate portrayal of the
structure during electrochemical use. This would provide insight into whether the
presence of an electric charge changes the structure at the layering of the ME at the
surface or how accurately the structure observed in static measurements relates to the
charge transfer.
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Additional ventures include using other soft matter novel electrolytes for redox flow
batteries, such as Nanoscale Organic Hybrid Materials, NOHMs. NOHMs are inorganic
core particles, such as silicon, grafted with a canopy of polymer chains by either ionic or
covalent bonds. These chains can be on the order of 2-5nm. SANS measurements have
been performed on NOHMs, but surface structures of these NOHMs have yet to be
published. If structures similar to ME are formed, then polarization of the NOHMs, and
other soft particles, may be a result of the presence of an electrode. On the other hand, if
the structure of the bulk mixtures are maintained near the surface, then the formation of
lamellae may be unique to bicontinuous microemulsions and like materials.

Deep Eutectic Solvents
Likewise, there an many possibilities of mixtures that can form DES’s. To date, only a
handful of the most promising mixes and DES’s with the most readily available materials
have been evaluated. Exploring how the structural changes in many of these promising
DESs will offer insight into the assembly and structure of a variety of DES assemble as their
composition approaches the eutectic point. Initial studies have shown that choline or the
hydrogen bond donor may display faster dynamics on an atomic scale. Determining how
the structure and interactions of these mixtures change when making different DES’s
would allow development of storage materials with targeted properties. Additionally, a
compilation of data could be used to improve molecular dynamic simulations. Improved
simulations would allow development of machine learning procedures to build models of
the DES with the most defined hydrogen bond networks, that would allow focused research
on developing DES for industrial use.
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Summary
The improvement of analytical tools and the ability to measure higher quality data
improves the quality of research that can be conducted. Combined with thorough
investigations of the structures of soft matter (polymer blends, ME, DES, etc.), these
efforts will advance the field of neutron scattering and its role in development of
energy-related materials. These developments in both instrumentation and
prospective materials can help lead to improvement in energy infrastructure making
energy available to many homes through a large grid power supply. Additionally,
advancement of both thermoelectrics and battery materials may, individually or
combined, be developed to provide energy sources for remote locations. The efficient
implementation of energy related materials and how the structure of these materials
affects the electrical performance is a crucial step in reaching these goals and continues
to develop.
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